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Cross Section of a Catalytic Oxidation Unit 
(See Page 182) 
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WHEELABRATOR’ cloth tube collectors 


assure a clec 


Here’s the solution to air po 
tion: Wheelabrator cloth-t 
dust collectors. Wheelabrator 
developed cloth filtration to 
highest efficiency, and cou 
with it simplicity in design 
construction for dependable, | 
cost operation and minim 
maintenance. 


The cloth tubes form a fra 
work on which the contaminat 
material itself forms a filter 

or cake, giving collection effici 


cies approaching 100%. A direct 
shaking mechanism drops the col- 
lected dust directly into hoppers 
from which it is removed. Never 
under tension, even during shak- 
ing, the tubes have long life, re- 
taining their collection efficiency 
at all times. Installed or removed 
individually from the clean air 
side, the tubes are readily accessi- 
ble for inspection. 


Development of special synthetic 
fabrics has extended the benefits 


stack at all times 


of Wheelabrator cloth-tube effi- 
ciency to operations where hot 
and/or corrosive gases must be 
ventilated. 


Available in a complete range of 
standard models, assembled and 
knock-down, Wheelabrator col- 
lectors are efficient for handling 
air at 250 cfm up to hundreds of 
thousands cfm. Special models 
are readily designed for special 
applications. For more informa- 
tion, write today for Catalog 372. 
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for dust and fume control at peak efficiency 


330 S. Byrkit St., awaka, Indiana 





An important message 


to the man who thinks his air pollution problem 


is too difficult—or too expensive—to correct 


Too often an air pollution problem exists 
today for one reason only: The company 
concerned does not yet know there is 
now at hand an efficient, effective method 
of correcting it—often at an actual sav- 
ing through waste heat recovery. 

The method is catalytic oxidation, and 
the firm that makes this development 
possible is Oxy-Catalyst, Inc. 

Catalytic oxidation works by “‘burn- 
ing” harmful and irritating combustible 
contaminants in an exhaust stream at 
temperatures far below their normal ig- 
nition points. It provides close to 100% 
cleanup of foul-smelling fumes and 
odors. It reduces fire hazards and main- 
tenance problems by eliminating trouble- 
some condensates in oven and furnace 
exhausts. 

Thus Oxy-Catalyst installations can 
not only control air pollution. They can 
also be used to release the latent heat 
energy in waste and process gases. And 
they can ‘sometimes do both at once. 


A More Efficient Catalyst 


The key to successful catalytic oxidation 
is, of course, the catalyst itself. Features 
which make the Oxycat unique are: 


© The combination of platinum and 
alumina, chosen from hundreds of 
elements and compounds as the 
most active and long lasting cata- 
lytic agent 


The carrier, a high-grade porcelain 
selected for its strength, chemical 
inertness, and resistance to high 
temperatures 


OXY-CATALYST, INC. 


Industrial Division 


Wayne, Pa., U.S.A. 


Fume Elimination Processes and Equipment 


Oxycat installation on Standard Oil Company of California’s phthalic anhydride unit at Richmond, Calif: 


© The patented method of applying 
the catalyst to the carrier 


© The patented mechanical design of 
the Oxycat itself 


The result of this combination of 
features is a catalytic unit with excep- 
tionally long life at high efficiency. 
Oxycats are strongly resistant to thermal 
shock—to contaminating agents and 
clogging. There’s no problem of frequent 
cleaning or reprocessing. Oxy-Catalyst 
installations are still functioning at high 
initial efficiency after over 20,000 hours 
without maintenance or servicing. 


Already in Wide Use 


Oxy-Catalyst installations are now work- 
ing effectively ina wide range of industries 


Oxy-Catalyst, Inc. 
Industrial Division, Wayne 11, Pa. 


—oxidizing combustibles from such 
processes as asphalt oxidation; phthalic 
anhydride, polyethylene and ethylene 
oxide manufacturing; catalytic cracking; 
and many others. 

Oxy-Catalyst installations are care- 
fully engineered to your individual re- 
quirements, and our engineers, working 
with yours, can install Oxycats effec- 
tively in any existing plant. So, if air 
pollution is a problem in your operation 
—if irritating fumes and odors are cost- 
ing you neighborhood good will—you 
should know that Oxy-Catalyst offers 
a practical, realistic answer to your 
problem. 

Fill in the coupon, or write on your 
business letterhead, for complete in- 
formation now. 


Please send me complete information on your catalytic oxidation process 
for air pollution control and waste heat recovery. 
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“You mean ‘15,000 a year salvaging dust?” 


That’s just what we mean! Many of our customers 
are clearing $15,000 a year and more from valuable 
material reclaimed by Pangborn Dust Control. 
Efficient Pangborn Dust Collectors trap dust at the 
source, gather it ready for resale, re-use or disposal. 
As a matter of fact, users of Pangborn Dust Control 
have made $20,000, $36,000, even $75,000 a year 
in salvaged dust, depending on the value of the 
dust collected. 

What’s more, Pangborn gives you other benefits 
of lower housekeeping costs, longer machinery life, 
higher employee efficiency and better employee and 
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community relations. And Pangborn offers a com- 
plete line of collectors for all jobs. 

Why not discover how you can profit from Pang- 
born Dust Control? Write for Bulletin 922 to 
PANGBORN Corp., 4800 Pangborn Blvd., Hagers- 
town, Md. Manufacturers of Dust Control & 
Blast Cleaning Equipment. 


Pangborn <4 
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Pay dirt! 


so: year after year! 


Buell Cyclone collectors pay off two ways: extra efficiency 
from the start . . . and extra years of operation, with little if any 
maintenance. Unique features like Buell’s exclusive Shave-off 
deliver an extra percentage of dust collection efficiency: 
in nearly all cases, Buell installations pay for themselves in just 
a few years. And heavy plate construction, scientific 
proportioning, side entry of dust-laden gases are reasons why 
they keep on earning for many, 
many years. For specific details, 
write for “The Collection and 
Recovery of Industrial Dusts”. Just 
write Dept. 71-K, Buell Engineering 
“SF” ELECTRIC Company, Inc., 123 Williams Street, 


PRECIPITATOR ~ N. Y. 38, N. Y. 


PRECIPITATOR-CYCLONE 
COMBINATION 


Experts at delivering Extra Efficiency in DUST COLLECTION SYSTEMS 
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SCRAP YARDS CAN BE 
BROUGHT UNDER CONTROL! 


Smokatron’s Continuous Auto Burner 
Guaranteed to Comply with Local Ordinances 





Auto burners can now burn between 80 and 150 cars per day without smoke or fumes. 
SMOKATRON equipment was designed especially for the scrap industry by a prominent 
member of that industry since 1893. Competent engineers agree that electrostatic precipi- 
tation is most effective and much simpler to maintain and operate. Our deferred payment plan 
brings smokeless burning within the range of every scrap yard. 
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Electrostatic Precipitator 
DESIGNED FOR USE IN SCRAP YARD 


BURNING OPERATIONS 
CALL OR WRITE FOR INFORMATION OR DEMONSTRATION 


NOVEMBER JOURNAL 





—_— SP ee Se ee ae «6G. [6a ee ee 


Plant 'B’ 


ay >? 
have one, too! 


A 
V 





uDD 





all 


nun ~unno | 





ij 





cae Qe eer seme ~<qaewe “ee ee 


| puunaAA 








Is your plant producing 
an invisible public NUISANCE? 


The unwanted by-products of plating tanks, salt 
bath furnaces, metalworking machines and boilers 
—mists, salts, metal dust and fly ash—often can’t 
be seen. But they can silently and swiftly do their 
destructive work on plant roofs, automobile finishes 
and home exteriors. Result: high maintenance costs, 
unhappy employee and neighborhood relations. 
The answer to both invisible and visible air pollu- 
tion is AAF dust control. AAF is completely 


equipped for the fight, engineers a line of dust con- 
trol units that includes dynamic precipitators, 
hydrostatic precipitators, dry centrifugals and fabric 
arresters. 

Ask your local AAF representative to check sources 
for all air pollution—both the seen and the unseen. 
Call him now or write us direct. 


ROTO-CLONE AMERclone 
Dust Control Equipment 


Air Filters ond § Minos 


Precipitators Heating Specialties 


, ee Ai Ler —— BETTER AIR IS OUR BUSINESS —— 


COMPANY, INC. 
256 Central Avenue, Louisville 8, Kentucky 
American Air Filter of Canada, Led., Montreal, P. Q. 
Herman Nelson 


i | Herman Nelson 
Unit Hecters 


) Portable Heaters 





“PROBLEM’ EFFLUENTS cee 


EFFECTIVELY CONTROLLED 
BY “BUFFALO’ EQUIPMENT 


No matter how complex your air cleaning problem may 
seem, chances are very good that some “Buffalo” unit can 
clear up the situation to your complete satisfaction. 

Take the “Buffalo” Hydraulic Scrubbing Tower. It 
cleans by centrifugal spray action, plus scrubbing action 
against a wetted surface — provides high collection effi- 
ciency — resists heat, corrosion and abrasion — has no 
tendency to clog. It’s controlling everything from coke 
breeze to stringy, linty discharges. Maintenance is simple 
and operating costs, low. 

Or, for acid mists, fumes and vapors, the “Buffalo” 
Absorption Type Washer may be the best solution for 
your particular problem. 


And so on. The “Buffalo” line of equipment is com- 
plete, resulting from a half-century of experience in 
“taming” some of the toughest industrial effluents, from 
pilot plant to production. Write or phone the Buffalo 
Engineering Representative in your territory, to take 
advantage of this experience and the “Q” Factor* in p 
ee >» . : “Buffalo” Hydraulic 
Buffalo” Equipment for the results you want! Seraiblag Tower 
“Buffalo” Absorption 
Type Washer 


*The “Q” Factor — the built-in Quality which provides 
trouble-free satisfaction and long life. 


BUFFALO FORGE COMPANY 
BUFFALO, N. Y. 
Canadian Blower & Forge Co., Ltd., Kitchener, Ont. 
VENTILATING AIR CLEANING AIR TEMPERING INDUCED DRAFT 
EXHAUSTING FORCED DRAFT COOLING HEATING PRESSURE BLOWING 
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Determine harmful or nuisance contaminants in industrial atmospheres 
accurately ... efficiently with the M-S-A° Electrostatic Sampler 


This high efficiency instrument collects dusts, metal fumes, 
and smoke from industrial atmospheres. You can use 
the M-S-A Electrostatic Sampler in the ceramic, electrical, 
steel and chemical process industries and in industries 
engaged in the production of radioactive materials to 
determine harmful particulate contamination for indus- 
trial hygiene and air pollution studies. 

Self-contained portable sampling head has a blower 
which provides a constant flow of 3 cu. ft. per minute 
when operating on a 60-cycle AC at 105 to 120 volts. The 
power pack is adequate for intermittent, short duration 
sampling or for long, continuous operation. 

In addition, MSA makes a complete line of other dust 
sampling and counting units for every purpose. Write 
for complete details. 


MINE SAFETY APPLIANCES COMPANY 


SAFETY EQUIPMENT HEADQUARTERS it 201 North Braddock Avenue, Pittsburgh 8, Pennsyivania 
‘ ! 


At Your Service, 82 Branch Offices 
in the United States and Canada 
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The ASHAE Air-Borne Dust Survey’ 


K. T. WHITBY, A. B. ALGREN, R. C. JORDAN AND J. C. ANNIS 


Within the last decade numerous 
airborne dust surveys have been made 
in connection with industrial health 
and air pollution studies. A study 
of these surveys shows that they have 
yielded only limited data on the 
physical properties of airborne dusts 
that have a bearing on their removal 
by air cleaners. 

Thus when the cooperative re- 
search project on rating and testing 
methods for air cleaners for occupied 
spaces was begun, a search of the 
existing literature revealed that in- 
adequate data existed on which to 
base the selection of suitable test 
dusts for simulated air cleaner test- 
ing. A limited dust survey was there- 
fore organized, having the following 
objectives: 


(1) Determination of the con- 
centration of airborne dust 
in typical indoor and out- 
door locations by weight 
and dust spot. An inde- 
pendent measure of the fi- 
brous airborne particles 
such as lint was also in- 
cluded, because these large- 
ly determine the dust hold- 
ing capacity of many types 
of filters. 


Determination of the vol- 
ume size distribution of air- 
borne dust. The volume 
distribution was desired 
rather than the number dis- 
tribution obtained by mi- 
croscope count, because fil- 
ter life is determined by the 
volume concentration. 


Determination of other 
physical characteristics 
which it was thought might 
have a bearing on air clean- 
er performance. Some of 
these are: density, particle 
shape, porosity of a packed 
bed of dust and staining 
power. 


* Presented at the 50th Annual Meeting 
of the Air Pollution Control Association 
held at St. Louis, Mo., June 2-6, 1957. 
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Measurement of dust fall at 
the sampling site. This was 
desired because the dust fall 
on indoor surfaces is some- 
times the principal nuisance 
experienced by the house- 
wife. 


A study of these objectives within 
the framework of available funds, fa- 
cilities and personnel led to develop- 
ment of several new dust sampling 
and evaluation techniques and the 
modification of several old ones. The 
first part of this paper describes the 
apparatus, procedures and their eval- 
uations and the second part gives the 
results from the survey. The original 
survey as reported in this paper is be- 
ing extended to include a study of 
the loading characteristics of repre- 
sentative types of filters in typical 
service. 


Sampling Equipment 

Pumps 

To permit sampling in occupied 
spaces the small, quiet and inexpen- 
sive diaphragm pump used in the 
A.I.S.I. smoke samplers were used. 
These pumps were mounted in small 
wooden boxes lined with glass fibre 
sound insulating material. Leakage 
around the actuator gland required 
monthly calibration against a wet test 
meter to obtain a +5% accuracy of 
the estimated air volume sampled. 


Fig. 1. Exploded view of plastic millipore 
filter holder. 


Filter Holders 


The large number of filter holders 
required led to the development of 
the inexpensive plastic holders shown 
in Fig. 1. Designed for the standard 
unmounted 47 mm. size millipore fil- 
ters, these holders are made from 
commercially available 47 mm. size 
plastic petri dishes. 

Part A consists of the bottom of a 
petri dish with a 4% in. copper tube 
hose connection cemented in place 
and a 40 mesh supporting screen ce- 
mented to a 47 mm. plastic ring (also 
available commercially). The ring 
and screen are cemented in place in 
the bottom of the dish. B is the milli- 
pore filter, C is a gasket ring cut from 
laminated sponge rubber and leather 
shoe innersole, D consists of a petri 
dish top and bottom cemented to- 
gether with a large hole cut through, 
F is a dish top with a piece of 170 
mesh stainless steel lint screen ce- 
mented in place over a ¥% in. hole and 
E are paper clips used to hold the as- 
sembly together. 

A sampling pump and holders as- 
sembled for simultaneous indoor and 
outdoor sampling is shown in Fig. 2. 


Dust Fall Slides 


Standard 25 x 75 mm. microscope 
slides resting on small wood blocks 
were used for dust fall sampling. Be- 
fore use these slides were cleaned 
carefully with detergent and water. 


Sampling Procedures 

Sampling Locations 

Sampling locations were deter- 
mined by number of factors: Par- 
ticipation was limited to the Uni- 
versity of Minnesota and four mem- 
bers of the Technical Advisory Com- 
mittee on Air Cleaning of the Ameri- 
can Society of Heating and Air Con- 
ditioning Engineers, Locations in 
any given city were limited to those 
readily accessible to the sponsor. 
Though the sampling pumps were 
reasonably quiet, locations had to be 
found where the owners or occupants 
were willing to tolerate the occasional 
nuisance of a noisy pump and the 
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weekly visits to change sampling me- 
dia. Thus the number and location 
of samples taken represents the best 
compromise that could be made un- 
der the circumstances. 

Specific locations are discussed 
with the results. 


Typical Sampling Procedure 


The light transmission of the clean 
millipore filters were read before use. 
The assembled samplers were then 
placed in operation with the dust fall 
slide located nearby. Sampling pe- 
riods varied from 2 days to a week 
depending on location, dust concen- 
tration and the number of filter hold- 
ers attached to a pump. 

The lint screen was omitted by 
those participants not having a pho- 
tometer suitable for the evaluation 
of the lint screen. 


Sample Evaluation 
Dust Spot 


Optical density of the loaded milli- 
pore filters was determined with the 
improved photometer described pre- 
viously) at a 0.75 in. diaphragm 
opening. These measured optical 
densities were then used to calculate 
the staining dust concentration in 
cohs and for comparison with the op- 
tical densities calculated from the 
sedimentation analysis. 


Lint Screen 


The pronounced effects of fibrous 
particles on ventilation filter life 
made it desirable to incorporate a 
measure of the concentration of such 
particles in the survey. 





Nomenclature 

I, = Light transmission of a 
clean filter media. 

I = Light transmission of a 
dirty filter media. 


I, 
OD = logy T 


_ 112 (.—D) 
t 
(Thousandths 
of an OD of dust fall/ 
day). 
— time in hr. 
= porosity. 
= particle diam. — yu. 
= number geometric mean 
size — yu. 
= volume geometric mean 
size — yu. 
= variance. 
= concentration — gr./tcf. 
=Light scattering coefficient 
effective scattering area 
true particle projected area. 
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Fig. 2. Sampling pump and filter holders 
assembled for simultaneous indoor and out- 
door sampling. 


After considerable study the pho- 
tometric evaluation of the particles 
caught on a 1.27 cm.” 170 mesh stain- 
less steel screen placed ahead of the 
millipore filter was adopted. The 
small amount of fibrous material nor- 
mally collected precluded evaluation 
by weight. Lint screen samples were 
therefore evaluated with the improved 
photometer"). The optical density 
was calculated from measurements of 
the light transmission through the 
screen with the dust deposit and after 
thorough washing. 

Measurements of both optical 
density and weight on a special 8 
cm./diam., 170 mesh screen by Enge- 
bretson'?), on 11 lint samples from 
typical residential and non-residen- 
tial locations gave the following rela- 
tionship between weight and screen 
light transmission: 


mg./cm.* = 2.52 log *° (1) 


The linear correlation was 0.989 
which is surprisingly good. Lint con- 
centrations given in the latter part of 
this paper are calculated using equa- 
tion (1). Not all particles collected 
by the screen are fibrous. Detailed 
study of mechanism of collection of 
the screen by Engebretson‘?) has 
shown that inertial impaction of non- 
fibrous particles above approximate- 
ly 5 » in size can account for a sub- 
stantial fraction of the total collected. 
Observations on particles collected on 
the screens during the survey indi- 
cate from 50% to 90% of the total 
can be considered as fibrous. It is 
therefore believed that this simple lint 
screen sampling method provides a 
rough but useful index of the propor- 
tion of fibrous particles normally 
found in airborne dust. 


Dust Fall 


Dust fall measurement by the use 
of jars placed out of doors has been 
pei | for many years. Microscope 
evaluation of dust fall on microscope 
slides has been used by the telephone 
company. More recently Hemeon'*) 
has used photomultiplier measure- 
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ment of light scattered by dust de. 
posits on microscope slides. Though 
very sensitive this latter technique 
suffers because of the difficulty of 
calibration. 

For the ASHAE survey a simple 
rapid method of moderate accuracy 
was obtained by increasing the sensi- 
tivity of the transmission photometer 
used for dust spot measurements to 
the point where the deposits could be 
evaluated by reduction in the light 
transmission through the slide. Sensi- 
tivity was sufficient to measure the 
dust fall accumulated in one day in a 
clean location with an accuracy of 
+20%. 

Since the photometer measures op- 
tical density it has been found con- 
venient to define a unit rate of dust 
fall in terms of optical density. This 
unit rate has been designated, for 
convenience, as O.D.D. and is defined 
as that quantity of dust fall/day 
which has an optical density of 0.001, 
thus: 

I 


10.D.D.—10- log (2) 


An evaluation of this dust fall 
measurement technique by Engebret- 
son'?) showed that the O.D.D. — 
weight/unit area relationship depends 
somewhat on the angle of acceptance 
of the measuring photocell. At a 
semi-angle of acceptance of 16°, 
evaluation of samples from 6 repre- 
sentative locations gave the following 
relationship. Variance was 7%. 


log 10 — 0.D. = 1.88 mg./cm.? (3) 


1 O.D.D. = 1.66 tons/sq. mile / 
Month (4) 


Particle Size Analysis 


Because of the extremely broad 
size range and variable character of 
airborne dusts there exists no single 
size analysis method which can be 
used to obtain satisfactory accuracy 
over the entire range from about 0.02 
to 50 w. For this study it was de- 
sired to measure or calculate the vol- 
ume and area size distributions. The 
volume distribution was used because 
the volume of airborne dust deter- 
mines filter life and the area distribu- 
tion because this is related to the 
soiling power of the dust *. 

Choice of the centrifuge sedimen- 
tation analysis method") as the pri- 
mary method was determined by a 
number of considerations. Among 
these were, availability of the equip- 
ment, speed, convenience and reason- 
able accuracy over the 0.3 to 25 p» 
size range of primary interest. A lim- 
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Fig. 3. Typical airborne size distributions from combined light and electron microscope and sedimentation data. 
tron microscope, X-Light microscope and O-sedimentation. Left Sample, HA-!, Right Sample, HA-3. 


ited number of analyses were made 
with the light and electron microscope 
to supplement and check the sedimen- 
tation data. Also a few comparisons 
of sedimentation data with results 
obtained by other investigators with 
the jet impactor, particle counter and 
parallel plate air settling chamber 
were obtained. 


Light Microscope Size Analysis 


The light microscope size analysis 
procedure used has been described 
previously‘*). Dust samples are col- 
lected on hydrosol type millipore fil- 
ters and are counted and measured 
using a Porton type reticule at high 
magnification. The equivalent of 
10,000 to 15,000 particles were 
counted by a multistage procedure. 


Electron Microscope Size Analysis 

Through the courtesy of Mr. J. 
Sayer and Mr. M. Jacoby a pro- 
cedure for taking good electron mi- 
crophotographs of millipore filter col- 
lected samples of airborne dust was 
developed and several samples thor- 
oughly analyzed. The procedure is 
briefly as follows: 

A 500 to 10,000 A carbon film is 
evaporated onto the surface of the 
millipore filter. The millipore filter 
is then dissolved away and the car- 
bon film containing the embedded 
particles is deposited on a grid. Typi- 
cal photographs of dust sampled in 
the laboratory are shown in Fig. 4. 

Multistage counts on from 3 to 5 
photographs enlarged 12,000 to 30.- 
000 times are then made by compari- 
son with black circles having diam. 
ratios equal to the \/2. To increase 
the probability of seeing the larger 
particles without resorting to an ex- 
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cessive number of photographs, 
counts on millipores having both 
high (0.4) and low (0.04) optical 
densities or on photographs at dif- 
ferent magnification were used. The 
ratios of the measured optical densi- 
ties can then be used to combine the 
counts. 

Because of the limited number of 
size analyses made using the elec- 
tron microscope, only limited con- 
clusions as to its accuracy and use- 
fulness can be made. The time con- 
suming nature of the count proced- 
ures and severe sampling problem 
probably make it mandatory to com- 
bine the electron microscope data 
with light microscope or preferably 
sedimentation analysis if misleading 
results are to be avoided. The good 
agreement between calculated and 
measured Q.D.’s shown in Table III 
indicates that the carbon film replica- 
tion technique does account for most 
of the particles. However, further 
comparisons with thermally precipi- 
tated dust samples are needed to ac- 
curately determine the loss of very 
fine particles (0.01 to 0.1 »). 


Centrifuge Sedimentation Analysis 
Procedure 

The procedure used is essentially 
that described previously’? * 5. It 
is briefly as follows. A millipore fil- 
ter containing between 0.3 and 1.0 
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mg. of dust is dissolved in acetone in 
a 40 ml. centrifuge tube using mod- 
erate stirring. The suspension is 
then centrifuged at 3000 RPM for 1 
hr. to precipitate the particles, and 
the supernatant liquid syphoned off. 
The dust is resuspended in 1 ml. of 
feeding liquid consisting of approxi- 
mately 15% Naphtha — 85% Ace- 
tone. This suspension is then floated 
as a layer on a pure acetone sedimen- 
tation liquid and the size analysis 
carried out by the previously de- 
scribed techniques. 


Evaluation of the Centrifuge 
Sedimentation Procedure 


Because of the use of a sedimenta- 
tion method for the analysis of air- 
borne dusts may be seriously ques- 
tioned, a rather thorough evaluation 
of its limitations and probable accu- 
racy was made. The most important 
considerations and a summary of 
their evaluations are as follows. 


1. Dispersion. The question 
arises as to whether the sedimenta- 
tion particle size corresponds to that 
existing in the air. Throughout the 
survey the measured optical densities 
of the loaded millipore filters were 
compared with the optical density cal- 
culated from the sedimentation size 
distribution and sediment volume by 
the method described earlier'*’. De- 


TABLE | 


Sediment Column Porosities for Several Dusts 


Dust Des 





No. of 


samples 


Assumed | Porosity 
density | » 





Atmospheric 
Arizona Rd. Dust 2.0 
Precipitated Carbon Black 4.5 


13 2.1 67 
8 2.7 55 
6 2.1 88 
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Fig. 4. Electron photomicrographs of millipore collected airborne dust. (a) Sample OC-I, Measured OD = .046, (b) Sample HA-!, 


Measured OD = .094. 


tails of this comparison are given 
later. The overall ratio of measured 
to calculated O.D. was 1.93. It is 
believed that perhaps 14 of the dif- 
ference between 1 and 1.93 is due to 
the use of an incorrect K value in 
the computations. The indications 
from the detailed studies of the meas- 
ured optical densities of particles on 
a millipore at different angles of ac- 
ceptance by Engebretson‘'?), from 
some relatively unsuccessful attempt 
at measuring the K value directly and 
from comparisons of measured and 
calculated O.D.’s for combined size 
analysis such as Fig. 3, are that the 
K values are higher at larger particle 


sizes than is predicted by the diffrac- 
tion theory curve actually used. 


It is therefore believed that the ob- 
served agreement between calculated 
and measured Q.D.’s indicates that 
the state of the dispersion during 
sedimentation above 0.3 y is essential- 
ly the same as that existing on the 
millipore except possibly, for very 
large and fragile aggregates. 


2. Millipore dust load. It was 
found that proper dispersion could 
not be obtained if the millipore filter 
contained more than about 1 mg. of 
normal airborne dust. Irreversible 
agglomeration of the dust on the 


TABLE II 
Composite Size Analysis of Atmospheric Dust 


(Sampled Inside University of Minnesota Particle Lab.) 





1 OC-1 
March 1956 
No. Wt. 


Particle size 
7) 


HA-3 
January 1957 


HA-1 
January 1957 
No. Wt. No. Wt. 





.02 

.04 7 
1 7.5 02 
4 87 5.6 
99 15.0 
99.98 60 
10 99.9996 90 
20 99 








52 .006 38 .008 
64 02 52 03 
80 .20 75 0 
97.5 7.1 98.9 13.6 
99.8 23.1 99.94 26 
99.995 59.5 99.998 66 
99.99999 92.5 99.99998 97.0 
99.7 100.0 








As a further check on the accuracy of the measured size distributions, the optical densities for the 
individual and combined distributions were calculated and compared with the measured OD’s. These 


are tabulated in Table III. 


' 
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millipore apparently takes place if an 
appreciable number of particles touch 
each other in the dry state. From cir- 
cumstantial evidence accumulated 
during the survey, it appears that 
normal airborne dust particles are 
often coated with sticky materials 
which polymerize in the air stream 
after the particles are deposited on 
the filter. Predominantly mineral 
dusts do not exhibit this irreversible 
behavior. 

During the survey dust loads were 
normally kept below 0.5 mg./47 
mm. diam. millipore. 


3. Acetone soluble particles. 
The sedimentation size analysis tech- 
niques employed, measure only the 
acetone insoluble particles. The work 
of Chambers et. al‘®) indicates that 
the average city dust probably con- 
tains 15 to 20% acetone soluble par- 
ticles. It is, therefore, probable that 
the dust concentrations computed 
from the sediment heights are about 
15% low on the average. The size 
distributions reported are therefore 
only those of the acetone insoluble 
fraction, since all methods of size 
analysis used destroy the soluble par- 
ticles before measurement. 


4. Sediment column bulk 
density. Computations of the dust 
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concentration depend on the sediment 
column bulk density which in turn is 
a function of the true particle densi- 
ty and the sediment porosity. 

Acetone displacement measurement 
of the density of 5 samples of dust 
taken from electronic air cleaners op- 
erating dry in representative locations 
gave densities ranging from 1.74 to 
2.43 gm./cc. with a mean of 2.06. 
The lowest value was obtained on 
dust taken from a residential air 
cleaner. A density value of 2.1 gm./ 
cc. was assumed for all calculations 
reported in this paper. 

Measurements of the porosity of 
the sediment column in the centrifuge 
tube were made on 13 samples of at- 
mospheric dust by weighing milli- 
pore samples and then determining 
the sediment height. To obtain great- 
er weighing accuracy, the sediment 
from a number of the millipore sam- 
ples was washed from the centrifuge 
tubes and reweighed in tared alumi- 
num dishes. Results are given in 
Table I. A value of 0.6 was used for 
all computations reported in this 
paper. 

For atmospheric dust values of v 
(where vy = porosity), ranged from 
0.4 to 0.84 with the highest values be- 
ing determined on dust from residen- 
tial samples or from laboratory sam- 
ples containing a large proportion of 
carbon aggregates. 


5. Sediment column compac- 
tion. Some compaction was experi- 
enced with samples containing more 
than a few percent of fibrous par- 
ticles. Samples taken without a lint 
screen preceding the millipore filter 
were poured through a 325 mesh 
screen while suspended in the feeding 
liquid in order to eliminate fibrous 
particles. Thus the sedimentation 
data reported in this paper is for the 
minus 325 mesh fraction only. 

The effect of compaction during a 
size analysis is to give a low estimate 
of the amount of particles below ap- 
proximately 0.8 ». This can be seen 
in Fig. 3. 

6. Reproducibility. The vari- 
ance of the size analysis on 4 simul- 
taneous samples was determined by 
Engebretson'?) to be: S = 16% at 
5th percentile, 9% at 50th percentile, 
and 17% at the 95th percentile. 


Combined Size Analysis 


As a check on the sedimentation 
size analysis method, three complete 


* Due to the involved nature of this work, 
it is planned to write a separate paper 
describing the methods of analysis, 
theory and computational procedures. 


of APCA 


analyses of millipore dust samples 
collected in the laboratory were made, 
using combined light microscope, 
electron microscope and sedimenta- 
tion data. Results of these 3 analyses 
are tabulated in Table II and the later 
2 plotted in Fig. 3. 

These distributions were com- 
puted* using light and electron mi- 
croscope data below 1 yu and sedimen- 
tation data above lu. Upper size 
limits for the light and electron 
microscope were taken equal to the 
size where the probability of seeing a 
larger particle is about equal to 10~*. 
This limit was chosen because it is 
impractical to count more than about 
10* particles even with multistage 
procedures. Lower limit for the light 
microscope is determined by the limit 
of resolution. 

The lower limit for the sedimenta- 
tion analysis as used in the combined 
analysis, is 1 ». Actually the useful 
lower limit is about equal to the size 
at which the cumulative percent is 
about equal to the sediment column 
reading accuracy. For normal air- 
borne dust this is between 0.2 and 
0.4 p. 

As a further check on the accuracy 
of the measured size distributions, the 
optical densities for the individual 
and combined distributions were cal- 
culated and compared with the meas- 
ured O.D.’s_ These are tabulated in 
Table III. 

From Fig. 3 and Tables II and III, 
it is possible to draw a number of 
conclusions. 


(1) The light microscope can 
at best give only a poor estimate 
of the complete size distribution 
of normal airborne dust. This 
is shown by the poor agreement 
between calculated and measured 
0.D.’s in Table III and the fact 
that only 0.2 to 0.1% or less of 
the particles can be seen using 
practical techniques. 

(2) A single stage electron mi- 
croscope count such as was used 
on sample HA-] is inadequate. 
However, the multistage E M 
count used on HA-3 (Fig. 3B) 
appears to give accurate data up 
to about 1 yp. ° 

(3) The sedimentation method 
will be most accurate above 1 » 
but gives a progressively lower 
estimate below 1 ». From Fig. 3 
it can be seen this error is not 
too serious above about 0.4 un. 

(4) Probably the most accu- 
rate method would be a combi- 
nation of sedimentation and elec- 
tron microscope. 
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(5) From Fig. 3b, it can be 
noted that the 99.9% by number 
of particles below 1 » accounts 
for over 90% of the projected 
area or staining power, but only 
about 25% of the total volume. 
This illustrates clearly that the 
rating of air cleaners by number, 
dust spot or weight arrestance 
have quite different meanings. 


Dust Survey Results 


Sampling Frequency & Location 


Dust survey samples were taken by 
6 contributing groups in 4 individual 
cities, viz: three in Pittsburgh; one in 
Louisville; one in Akron; and the 
University of Minnesota in Minneap- 
olis. The majority of sampling was 
done in Minneapolis and Louisville, 
but enough samples were received 
from the other cities to indicate the 
amount of variation to be expected 
between extreme conditions. 

The groups took samples in the fol- 
lowing locations: inside and outside 
residences; inside and outside labs 
and offices; inside industrial plants. 
The inside locations represented a 
range of conditions from old down- 
town-area buildings employing no air 
cleaning to newly-remodeled, window- 
less offices with modern air cleaning 
equipment. Outside sampling was 
done in areas ranging from commer- 
cial districts to clean residential 
areas. 

Unfortunately, it was impossible to 
maintain continuous or nearly-con- 
tinuous sampling at any given loca- 
tion throughout a complete year’s 
cycle. Only at the University of Min- 
nesota were enough samples obtained 
to test for seasonal variations. 


Averaging Procedure 


All overall average values are the 
result of weighting equally the 3 ma- 
jor location categories — (1) inside 
residences, (2) inside labs and of- 
fices, and (3) outside. This gives 
twice as much weight to inside loca- 
tions as to outside, which might be 
justified on the grounds that a high 
percentage of the air passing through 
most ventilation air cleaning systems 
is recirculated air, but the average 
values at each location are so similar 
that any reasonable system of weight- 
ing would produce essentially the 
same results. 

The average values inside resi- 
dences were obtained by weighting 
equally the averages for 3 cities — 
Louisville, Minneapolis, and Pitts- 
burgh. Inside labs and offices aver- 
ages were computed by giving equal 
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Fig. 5. (Above) Sedimentation size distribution of airborne dust 


wet-sieved thru 325 mesh screening. 


Fig. 6. (Right) Average sedimentation size distributions wet-sieved 


thru 325 mesh screening for three locations. 


weight to the average values for Min- 
neapolis and Louisville. The outside 
average values gave equal weight to 
averages from 3 cities—Akron, Louis- 
ville and Minneapolis—on all items 
except those pertaining to size dis- 
tribution. For the 5, 50, and 95 per- 
centile sizes, averages from Pitts- 
burgh were included at equal weight. 


Average Dust Properties 


Geometric Mean Sizes. The 
geometric mean size by volume (D,3) 
of natural airborne dust, was found 
to vary with location, and displayed 
a range of values at any given loca- 
tion. The mean size was 3.25 p», with 
a 30% variance (S). Inside resi- 
dences, D,3 was 3.17 » (S = 24%). 

A breakdown of this data is con- 
tained in Table IV. The south Min- 
neapolis samples were obtained in 
two separate, but closely-located 
homes in the extreme southern part 
of the city. The Louisville sampling 
was done in three homes. The over- 
all average of Dyg = 3.17 424% 
covers a range which includes all of 
the individual averages shown. 

Inside labs and offices, D,; = 
3.01 » (S = 29%). Table II con- 
tains the more detailed data from 
which this average was obtained. Of- 
fices and laboratories were combined 
as one category because of the simi- 
larity of their construction and _at- 
mospheres. Both are relatively lint- 
free and clean, and do not have di- 
rect outside entrances. 


Outside air had a geometric mean 
size, by volume of Dyz; = 3.56 pu 
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(S = 33%). Table IV shows the de- 
tailed data. 

As noted from the variance, the 
geometric mean size has considerable 
spread. The values for inside resi- 
dences ranged from 1.34 to 4.60 » 
and for inside labs and offices from 
0.83 to 5.15 ». For outside air the 
range was 2.69 to 7.60 yu. 


At a confidence level of 95% or 
higher, the average inside residential 
and inside labs and offices means are 
equal, but each of these varies sig- 
nificantly from the outside average. 

Character of Cumulative Size 
Distribution Curve. In general, 


D,- MICRONS. 


the cumulative size distribution curve 
is bimodal. An _ overall average 
curve, weighting equally the 3 ma- 
jor classes of location, is as shown in 
Fig. 5, with 5%, by weight, smaller 
than 0.56 », 50% smaller than 3.25 wn. 
and 95% smaller than 14.3 p. Fig. 
5 includes, additionally, the curves 
corresponding to plus and minus one 
standard deviation, and the extreme 
distributions found. The distribu- 
tions for each of the 3 major loca- 
tions, shown in Fig. 6, are very sim+ 
lar to the overall average distribution 
and warrant no further explanation. 
The size distributions for individual 


TABLE Ill 
Comparison of Measured and Calculated Optical Densities 
for Atmospheric Dust Samples HA-! and HA-3 





Sample HA-1 





Measured 


Distributi 
istripution OD 


Calculated 








0.094 
0.094 
0.417 
0.094 


Light Mic. Alone 
Elect. Mic. Alone 
Sed. Alone 
Combined 


| 
| 
| 


K for Diff. Theoryt 


0.0164 
0.0654 
0.437 

0.0914 





Sample HA-3 





Light Mic. Alone 
Elect. Mic. Alone 
Sed. Alone 
Combined 


0.122 

0.122 
0.568 

0.122 





0.0115 
0.1008 
0.324 
0.115 


0.0187 
0.0128 
0.460 
0.104 





*The light scattering coefficient, K, used is that suggested by Daviest for opaque particles in a transparent 
media. No satisfactory data exists for opaque particles on a translucent filter media. 
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Fig. 7. [Above) Dust concentrations for several locations. 


Fig. 8. 


samples were strongly bimodal, but 
this characteristic was diminished by 
successive average processes. 
Percentage Lint. Because all of 
the groups were not equipped to 


TABLE IV 


(Right) Staining concentration. 





measure the lint concentrations, an 
overall average is not possible. Con- 
siderable information is available, 
however, from the Minneapolis data. 


Inside Minneapolis residences, the 


___ Median Size Inside Residences _ 


No. 


samples 


Des — 





All residential 

All Minneapolis residential 
South Minneapolis 
Southeast Mpls. Apt. 

Louisville residentiak 

Pittsburgh residential 


26 3.17 
17 3.31 
13 3.41 


4 3.00 
6 2.64 
3 3.57 





Median Size Inside Labs and Offices 





| 
| 


No. 
samples Des — 





All samples 

Minneapolis Labs & Offices 
Minneapolis Labs 
Minneapolis Offices 

Louisville Labs & Offices 


3.01 
2.69 
2.35 
3.30 





Median Size — Outside Air 








All samples 
Minneapolis (all) 
Minneapolis Lab 
Minneapolis South Residences 
Louisville (all) 
Louisville Lab & Office 
Louisville Residential 
Akron (Residences & Lab) 
Pittsburgh 


4.47 








Louisville mean size of 2.65 be it will be noted, was considerably less than Minneapolis average mean 


of 4.31 pe and even further from the south Minneapolis residential mean of 4.95 y. 


of APCA 
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lint screen loading constituted an 
average of 27.6% of the total dust 
weight. Breaking this average down 
further, 13 South Minneapolis sam- 
ples showed an average 27.8%, and 
4 Southeast Minneapolis samples had 
an average of 27.4%. 

Dust samples taken inside Min- 
neapolis labs and offices had an aver- 
age lint screen loading of 17.2%, by 
weight. Considering the 24 office 
samples alone, offices had 16.6%. 
The 41 lab samples had an average of 
18.0%. 

Air outside the Minneapolis lab 
contained 21.5% and air outside 
south Minneapolis residences con- 


tained 16.4%. 


Average Concentrations 


The airborne dust retained on the 
millipore filter had an overall average 
concentration of C = 0.0335 gr./tcf 
(S = 77%). No overall lint-screen 
concentration is possible for reasons 
explained previously. Fig. 7 illus- 
trates the differences in concentra- 
tions for the 3 classes of location be- 
tween cities, plus information on an 
unusual location. 


Inside Residences. The average 
MF (millipore filter) concentration 
inside residences was C = 0.0365 
er./tef* (S — 85%). Minneapolis 
residences had an average MF con- 
centration of 0.0200 gr./tcf (S = 
67%) and a lint concentration of 
0.0076 gr./tcf (S = 80%) for a to- 
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tal of 0.0276 gr./tef (S = 61%). 
The south Minneapolis residential 
samples, taken alone, averaged 0.0162 
gr./tcf MF dust (S = 25%), 0.0062 
gr./tef lint (S = 57%) and 0.0244 
gr./tef total (S = 34%). 

Louisville residences had an aver- 
age MF concentration of 0.0531 gr./ 
tcf (S = 86%) while the Pittsburgh 
MF concentration was 0.0364 gr./tcf 
(S = 21%). 


Inside Labs & Offices. The 
average MF concentration inside labs 
and offices was 0.312 gr./tcf (S = 
70%). The Louisville MF samples 
averaged 0.0442 gr./tcf (S = 53%) 
while the Minneapolis MF average 
was 0.0183 gr./tef (S = 52%). In 
Minneapolis an additional 0.0038 
gr./tcf (S = 89%) was measured as 
lint, for a total concentration of 


0.0221 gr./tef (S = 56%). 


Outside Air. Samples of outside 
air had an average MF concentration 
of 0.0328 gr./tcf (S = 71%). Akron 
MF concentrations averaged 0.0118 
gr./tef (S — 45% while Louisville 
had 0.0543 gr./tcf (S = 42%) and 
Minneapolis had 0.0324 gr./tcf (S = 
42%). In addition, Minneapolis had 
a lint concentration of 0.0085 gr./tcf 
(S — 59%) for a total concentration 
of 0.0409 gr./tcf (S — 27%). 


Measured Cohs 


The measured coh values for the 
principal locations and cities are as 
shown in Fig. 8. The most significant 
fact is that the variation between 
cities is much more pronounced than 
the variation between locations with- 


* gr./tef is grains per thousand cubic feet. 


NOVEMBER 


in any one city. The locational varia- 
tions within each city are of doubtful 
significance, 


Ratio of Measured Cohs to 
Calculated Cohs 


The overall average ratio of meas- 
ured, to calculated cohs was 1.93 
(S = 46%), corresponding to a 
mean size of 3.25 ». The inside resi- 
dential ratio was 1.82 (S — 48%), 
corresponding to D,3 = 3.17 yu, while 
the value inside labs and offices was 
2.19 (S = 47%) for Dus = 3.56 wu. 

As a further check on the effect of 
size distribution on the ratio of meas- 
ured to calculated cohs, the average 
ratio of all samples with a mean size 
less than 2 » was compared to the 
average ratio for samples with mean 
diam. greater than 4 ». The under 
2-4 samples yielded an average 
Dgs = 1.58 » and a ratio of meas- 
ured to calculated cohs of 1.43. The 
over 4-y samples had a D,3 of 4.83 
and a ratio of 2.68. The difference 
between these ratios was significant 
at a 99.9% confidence level. 


Dust Fall 


Measurements of the atmospheric 
dust fall were made only at Minne- 


apolis. The respective values are 
given in Table V. 


The variation between labs and of- 
fices was not significant at a 95% 
confidence level, and similarly the 
variation between residences and 
labs and offices was insignificant. 
However, the average value for out- 
side samples is significantly different 
from average of all inside samples. 
Therefore, it may be concluded that 
in Minneapolis the dust fall is essen- 
tially constant for all normal inside 
locations, although scattered data in- 
dicates significant variations between 
rooms of a particular house. 


Seasonal Variations 


A significant season variation in 
mean dust size was evidenced in sam- 
ples taken inside the Minneapolis lab, 
the only sampling location having 
sufficient year-around data for such 
an analysis. The year was divided 
into 2 periods (1) the non-heating 
season from June 1 to August 31, and 
(2) the remainder of the year, Sep- 
tember 1 to May 31. The average 
for the period June 1 to August 31 
was D,3; = 1.83 » while the remain- 
der of the year had an average of 
2.58 ». This difference in mean sizes 
was significant at a 95% confidence 
level. 

Significant variations were also 
noted in millipore filter and lint 
screen concentrations, for the same 
location. The MF concentration for 
the period, June 1 to August 31, 
averaged 0.0130 gr./tcf (S = 25%). 
while for the remainder of the year it 
averaged 0.0175 gr./tcf (S = 34%. 
This difference was significant at a 
95% confidence level. The corre- 
sponding lint screen concentrations 
were 0.0022 gr./tcf (S = 65%) and 
0.0042 gr./tcf (S = 42%), respec- 
tively. This difference was signifi- 
cant at better than a 99% level. 

The bimodal character of the size 
distribution, referred to previously, 
was appreciably diminished or non- 
existent within experimental accu- 
racy in the majority of summer sam- 
ples. The summer atmospheric dust, 
it has been noted has finer distribu- 
tion, a lower concentration, and a 


TABLE V 
Dust Fall in Minneapolis 





| 
Location 





No. of 
samples 





1. Inside Labs & Offices 
Inside Labs 
Inside Offices 

2. Inside Residences 

3. Outside 





30 

8 
22 
12 
13 





164 





measured to calculated coh ratio clos- 
er to unity than the dust existing dur- 
ing the remainder of the year. This 
may be explained by considering the 
normal atmospheric dust to consist 
of two general types of material, be- 
sides the lint; a mineral fraction of 
relatively fine size distribution, and a 
carbonaceous fraction of relatively 
coarse distribution. These 2 over- 
lapping distributions would give the 
bimodal characteristic in the fall, 
winter, and spring, with the car- 
bonaceous fraction gradually dimin- 
ishing until an almost unimodal dis- 
tribution is obtained during the sum- 
mer. The mineral fraction concen- 
tration is believed to remain fairly 
constant year-around. The lower 
measured to calculated coh ratio sub- 
stantiates this theory, because sup- 
plementary work has indicated that 
the principal error in the K values 
assumed for the purpose of this work, 
is at the coarse end of the range. Ad- 
ditional evidence is the fact that the 
summer samples are brown rather 
than black. 


Conclusions 
Given below are the important 
conclusions from this survey and 
from the analysis of work by other 


investigators. Because of the limited 
number of samples and sampling lo- 
cations in the present survey, the nu- 


merical values in Table VI represent 
a combination of straightforward 
statistical weighting and judgment 
based on less tangible factors. It 
should be emphasized that to a cer- 
tain extent, results are dependent on 
the analysis methods used. 


Variation in Properties and 
Concentration 


(1) The differences in par- 
ticle character and concentra- 
tion between clean non industrial 
cities such as Minneapolis and 
polluted industrial cities are 
much greater than the differ- 
ences in size distribution. 

(2) The variations in normal 
airborne dust are large enough 
to make it suitable as a test dust 
only for rough performance test- 
ing of air cleaners. 

(3) For Minneapolis, summer 
dust is significantly finer, light- 
er colored, of lower concentra- 
tion and less bimodal in size dis- 
tribution than dust during the 
rest of the year. This may be 
attributed to a reduction in the 
carbonaceous and fly ash par- 
ticles during the summer. 

(4) The large differences in 
the amount of fibrous particles 
found in different locations may 
have very significant effects on 


TABLE VI 
Properties of Average Airborne Dust 





Property 





Range Average 





*Weight geometric mean size — Dgs 
Number geometric mean size — Dy 
Particle density 
Porosity — 

Bulk density 

+Fraction fiberous particles 

*Upper particle size 
Settling velocity 
Dust. fall 
Size distributions 
Concentration 
Physical shape of particles 





08 -8 3u 
- to 0.2 0.034 
1.5 -3.0 2.1 gm./ce. 
0.85-0.5 0.65 
0.2 -1.5 0.7 gm./cc. 
3 -35 10% 
15 -50 25 
2 -10 3 cm./sec. 
0.4 -10 1.5 O.D.D. 
(See Fig. 3 & 5) 
(See Fig. 7 & 9) 
(See Fig. 9) 


*This is the Stoke’s equivalent spherical size calculated from settling velocity. Large irregular particles 
of low density such as lint may be much larger physically in one or more dimensions. 


The values given here represent the actual fraction of particles that can be considered fibrous. 


This 


will be from 50 to 90% of the weight of dust that can be caught on the 170 mesh screens used on 


the millipore samplers. 


the operation of air cleaners. 
This conclusion being substan- 
tiated by current research on fil- 
ter life. 


Miscellaneous Conclusions 


(1) In normal airborne dust 
most staining is done by par- 
ticles less than 5 yp in size. 


(2) Most airborne dust aggre- 
gates are tightly bonded togeth- 
er and require severe mechanical 
dispersion to break them up. 


(3) Natural airborne dust par- 
ticles collected in bulk suffer ir- 
reversible agglomeration due to 
polymerization of compounds in 
the dust. 


(4) The millipore filter sam- 
pling and sedimentation weight 
concentration and size analysis 
technique is convenient, rapid 
and flexible. It appears to be 
well suited to general purpose 
airborne dust evaluation. 
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Fifty Years 


Electrostatic precipitation has been 
closely identified with air pollution 
control ever since F. G. Cottrell suc- 
ceeded in converting the phenomenon 
from a laboratory curiosity to a suc- 
cessful engineering process just 50 
years ago. It is, therefore, particular- 
ly fitting on the occasion of the Gold- 
en Jubilee Meeting of the Air Pollu- 
tion Control Association to recount 
the historical origins, growth, and sig- 
nificance of the process as a major 
element in the control of air pollution. 

The parallel between the beginnings 
of the Air Pollution Control Associa- 
tion and the practical development 
of electrostatic precipitation during 
the first decade of the century is prob- 
ably more than a coincidence. In a 
sense both were generated by the 
same social and technical forces. The 
renascence of science and technology 
during the waning years of the nine- 
teenth century provided the tools, 
while the social pressures and reac- 
tions against the widespread damag- 
ing effects of air pollution provided 
the motivation for controlling smoke 
and dust emission from industrial 
plants. 

These pressures were especially 
strong in the western states where 
smoldering conflicts between the 
farmers, re-enforced by the United 
States Forest Service, and the rapidly 
growing copper smelter industry fre- 
quently erupted into legal action 
against the smelters, Against this 
background, Cottrell, a native Cali- 
fornian schooled in physical chemis- 
try in Germany under Ostwald and 
regarded as the most brilliant young 
mind in the rapidly rising Chemistry 
Department of the University of Cali- 
fornia, applied his talents and ener- 
gies to the technical problem of col- 
lecting or precipitating the objec- 
tionable smoke and fume particles 
from stack gases. 

Although the industrial smoke and 
dust problem was by no means new, 
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existing control methods had proved 
to be impracticable or incapable of 
coping with the complexities of treat- 
ing huge volumes of hot, dirty, and 
often corrosive gases. It was perhaps 
natural in these beginning years of 
the age of electricity to turn to elec- 
trical forces as a means of solving the 
smoke problem. Indeed, the electrical 
approach, based on Sir Oliver Lodge’s 
work, had been tried unsuccessfully 
some 20 years earlier in England in 
an attempt to collect lead oxide fume. 

Cottrell’s success with the electrical 
method of cleaning gases is ascribable 
chiefly to his recognition of the need 
for a better method of supplying the 
high-voltage power essential for the 
process. For this purpose, he turned 
to the rapidly developing field of 
alternating-current electricity and 
adapted the high-voltage transformer 
and synchronous switch rectifier to 
his purpose. This approach, although 
obvious today, was remarkable at the 
time as an example of intuitive action 
toward an effective solution of a pre- 
viously baffling problem. 

A few words regarding the origins 
of the several identifying terms or 
names for the electrical process for 
separating particles from gases may 
be of interest. The term electrostatic 
precipitation used in the title of this 
paper is of quite recent origin and 
actually is less accurate than the ear- 
lier expression electrical precipitation. 
The process is not truly electrostatic 
since corona currents of some magni- 
tude usually occur. Nevertheless, the 
present trend is to include all high- 
voltage, low-current phenomena in the 
field of electrostatics. The first use 
of electrical precipitation is uncer- 
tain. Dion, in a patent filed in 1904, 
speaks of particles or masses already 
precipitated by the action of the elec- 
tric current. Cottrell in 1909 used 
the expression the precipitating action 
of electrical charges, while in a 1914 
paper he used electrical precipitation 
freely. The term Cottrell precipitator 
apparently originated in the smelter 
industry where it was used as early 
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of Electrostatic Precipitation*® 


as 1912. 

The electrical process for separat- 
ing particles from gases is unique in 
many respects. It is not limited by 
particle size as are gravitation and in- 
ertial methods. Nor is it limited by 
resistance to the motion of the gas as 
are ordinary filters and scrubbers. An 
analogy may be drawn to a filter or 
scrubber with streams of gas ions as 
the medium, a medium so imponder- 
able that its resistance to gas flow is 
negligible. The separating forces are 
applied directly to the particles them- 
selves instead of to the entire gas 
stream as in most mechanical meth- 
ods. This direct and economical use 
of forces explains the modest power 
requirements and low draft loss of 
the electrical method. 

There is no fundamental limit to 
cleaning efficiency attainable. In 
practice, it is seldom worth while to 
design precipitators for less than 80% 
efficiency, while most installations are 
in the range of 90 to 99%, with 
some up to 99.99%. The high col- 
lection efficiency, together with wide 
flexibility in gas flow capacity, gas 
temperature and pressure, type and 
amount of particulates collected, and 
ability to cope with corrosive atmos- 
pheres and particles, account for the 
wide application and acceptance of 
the method. On the other hand, pre- 
cipitators generally do not compete 
economically with simpler collectors 
based on mechanical forces in those 
cases where the latter provide ade- 
quate performance, as, for example, 
in the collection of coarse dusts. 

The work of Cottrell, aided particu- 
larly by the contributions of W. A. 
Schmidt, laid the foundations for the 
rapid and widespread application of 
electrostatic precipitation for con- 
trolling air pollution in the smelter 
and cement industries. Extension to 
other industries started early in the 
second decade of the century and con- 
tinues to this day. Noteworthy ex- 
pansion has occurred particularly 
since World War II and gives every 
promise of continuing at a high level. 
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The original application for air pol- 
lution control has remained the most 
important one, but of almost equal 
importance has been the recovery of 
valuable dusts and fumes for eco- 
nomic reasons. Other important ap- 
plications include cleaning of fuel and 
chemical process gases, fractional col- 
lection of condensable vapors, and 
air conditioning of factories and of- 
fices. 

[he process is physical in charac- 
ter and perhaps is most accurately 
classified as electro-physics. Never- 
theless, the actual practice of electro- 
stutic precipitation involves a surpris- 
ing number of scientific disciplines, 
including physics, chemistry, chemi- 
cal engineering, electrical engineer- 
inz, electronics, aero-dynamics, and 
civil engineering. Despite the physi- 
cal nature of the process, it is inter- 
e-ting to note that much of the prac- 
tical development beginning with the 
early work of Cottrell has been done 
by chemical and metallurgical engi- 
neers, 


Historical Origins 


The experimental fact that a piece 
of amber, on being rubbed, has the 
interesting property of attracting 
small bits and fibers was known to 
the Greeks, the discovery being at- 
tributed to Thales of Miletus, circa 
600 B.C. The quantitative character 
of the electrostatic force involved was 
investigated by Coulomb and _ pub- 
lished during the period 1785 to 1789, 
Coulomb’s discovery of the inverse 
square law forms the basis of the sci- 
ence of electrostatics and also is the 
starting point for the theory of elec- 
trostatic precipitation. 

The first recorded reference to the 
electrical attraction of smoke par- 
ticles appears in the famous work De 
Magnete of the English court physi- 
cian, William Gilbert, in the year 
1600. Gilbert describes the phenome- 
non thus, Everything rushes towards 
electricks excepting flame and flaming 
bodies and the thinnest air . . . Yet 
they entice smoke sent out by an ex- 
tinguished light . . . Bodies are borne 
towards electricks in a straight line to- 
wards the center of the electrick. It 
is also of interest to note that in about 
1745 Benjamin Franklin began the 
study of the effect of points in draw- 
ing off and throwing off the electric 
fire. Franklin’s work seems to be the 
first on what we now refer to as the 
corona or brush discharge from sharp 
points. Experimental observations on 
electric discharges through smoke- 
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Fig. |. Illustration from First United States 
Patent on Electrostatic Precipitation. A. O. 
Walker, No. 342,548 (1886). 





filled gases and on the electric wind 
were also made by Beccaria in 1772. 

Hohlfeld, in 1824, performed the ex- 
periment of clearing fog in a jar con- 
taining an electrified point, while 
Guitard repeated the experiment in 
1850 using tobacco smoke in a glass 
cylinder described as being 9 in. in 
diam. and 18 in. long. However, 
Hohlfeld’s and Guitard’s experiments 
did not stimulate any practical study 
of the electrostatic precipitation prin- 
ciple and were soon forgotten. They 
were brought to light again by Sir 
Oliver Lodge in 1905, many years 
after he had independently rediscov- 
ered the same phenomenon and 
brought it to public attention in 1884. 
The work of two other experimenters 
appearing in the period between Gui- 
tard and Lodge also may be noted. 
Gaugain, in 1862, published what are 
probably the first experiments on the 
disruptive discharge between concen- 
tric cylinder electrodes. Nahrwold, 
in 1878, experimented with the dis- 
charge from a sewing needle point in 
a tin cylinder and noticed that the 
electric discharge greatly increased 
the rate of settling or collection of at- 
mospheric dust. He also tried coat- 
ing the walls of the cylinder with 
glycerine to make the collected par- 
ticles adhere; this was probably the 
first recognition of the difficulty of 
retaining dry particles on the collect- 
ing surface. 

The first attempt to apply electrical 
precipitation commercially was made 
by Walker and Hutchings at a lead 
smelting works in Bagillt, North 
Wales, in 1885 as the result of Sir 
Oliver Lodge’s researches on the sub- 
ject. A description of the installa- 
tion, illustrated schematically in Fig. 
1, was published by Hutchings as con- 
sisting of a system of metallic points 
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situated in the flue from the lead fur- 
naces, and excited from 2 Wimhurst 
influence machines with glass plates 
5 ft. in diam., each machine being 
driven by a one-horsepower steam en- 
gine. The installation failed of its 
purpose, owing in part to the primi- 
tive method of producing high4ension 
electricity, and in part to the unfor- 
tunate choice of lead fume for the 
first commercial test. Lead fume is 
one of the most difficult dispersoids 
to precipitate because of its highly 
insulating character and very finely- 
divided state. 


As is frequently the case in pio- 
neer work, another investigator work- 
ing independently rediscovered and 
patented electrostatic precipitation at 
about the same time. The investigator 
in this instance was Karl Moeller of 
Brackwede, Germany. The idea was 
apparently suggested to him by Nahr- 
wold’s paper. Moeller’s patent, how- 
ever, was issued a few months afte: 
Walker’s first patent. A few other 
articles and patents appeared in the 
years following Lodge’s work and 
Lodge himself took out another patent 
in 1903 covering the use of the then 
new mercury-arc rectifier for supply- 
ing high-voltage unidirectional cur- 
rents for electrostatic precipitation. 
None of this work, however, was car- 
ried to the commercial stage, and elec- 
trostatic precipitation remained what 
it had been in 1885, a curious and 
intriguing laboratory experiment. 


Cottrell’s interest in gas cleaning 
seems to have originated not from the 
scientific aspect, but rather from the 
practical issue of controlling air pol- 
lution from smelters. Neither was 
his initial work in this field electrical, 
but instead was based on a more pro- 
saic approach using the principle of 
the ordinary centrifuge. There is no 
clear-cut record as to the events 
which led Cottrell to the electrical 
method. However, we can be certain 
that he was dissatisfied with the gas 
centrifuge method. Furthermore, Cot- 
trell was working in an era of great 
research activity on electrical dis- 
charges in gases and rapid develop- 
ment of high-voltage alternating-cur- 
rent technology. 


Cottrell’s first experimental work 
was on a small laboratory scale using 
a spark coil and a few discharge 
points in a chamber, an arrangement 
which worked quite well. (Fig. 4.) 
In attempting to increase the precipi- 
tation capacity by using more dis- 
charge points, Cottrell found that the 
corona or brush discharge would 
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Fig. 2. Illustration from Cottrell's First 
Electrostatic Precipitation Patent. No. 895,- 
729 (1908). 


transfer from point to point, but 
would discharge from only 1 or 2 
points at a time (because of insuffi- 
cient power from the spark coil). To 
correct this, Cottrell, as a result of 
the partially-accidental discovery that 
a cotton-covered wire gave a continu- 
ous glow on its surface, devised the 
pubescent electrode made of semi- 
conducting fibrous material which in 


effect provided many small discharge 
points. The pubescent electrode gave 
a fairly uniform corona over its 
whole surface, even at the low power 
provided by the spark coil, and func- 
tioned where the multiple discharge 
points failed. 


Realizing the need for a_ better 
source of high potential electrical en- 
ergy, Cottrell in 1906 turned to the 
newly-developed synchronous  me- 
chanical rectifier and high-voltage al- 
ternating-current transformer. (Fig. 
3.) However, transformer voltages 
then readily attainable were limited 
to values of around 10 to 15 kv., and 
the pubescent electrode still proved 
an important adjunct in obtaining 
reasonably uniform corona over ex- 
tended lengths of discharge electrode. 
The first experiments using the syn- 
chronous rectifier were made at the 
University of California in 1906 to 
precipitate sulfuric acid fume in a 
small test precipitator of a few cfm. 
capacity. The choice of sulfuric acid 
fume for the first experiment was a 
fortunate one for this material, al- 
though easy to collect by electrostatic 
precipitation, was frustratingly diffi- 
cult by the mechanical and wet meth- 
ods then available. The gratifying 
success of these experiments soon led 
to the installation of commercial 
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Fig. 3. One of Cottrell's Early Laboratory 
Rectifiers. 


equipment, first at a powder works 
at Pinole, a few miles up the bay from 
Berkeley, and then at the nearby Sel- 
by smelter which was at that time 
embroiled in’ acute air pollution diffi- 
culties. These first commercial pre- 
cipitators, although crude in con- 
struction, were sound in principle. 
The Selby unit operated satisfactorily 
for many years. It handled about 
5000 cfm. of gas from parting kettles 
for precious metal recovery and col- 
lected about 2 gal./min. of sulfuric 
acid which previously had been dis- 
charged to the atmosphere in the form 
of a fine mist. 


The essential features of Cottrell’s 
precipitation system are shown in Fig. 
2 which is reproduced from his first 
patent issued in 1908. Particularly 
to be noted are the synchronous rec- 
tifier and high-voltage step-up trans- 
former, the pubescent discharge elec- 
trode, and the heater and ventilating 
system for keeping the high-voltage 
insulator clean and dry. Not indi- 
cated in the drawing, but of equal 
importance, was the use of negative 
corona which Cottrell showed to be 
superior to positive corona because 
of the much higher voltages and cur- 
rents which could be carried with the 
negative discharge. 

The success of the electric treater 
at Selby in the collection of previously 
intractable sulfuric acid mist pro- 
vided strong impetus to apply the new 
process to larger problems in the 
smelter field. Cottrell’s third com- 
mercial precipitator in the summer 
of 1910 was, therefore, not only on 
the much larger scale of 250,000 cfm., 
but also was applied to the more for- 
midable problem of collecting lead 
and zinc oxide fume at the Balaklala 
smelter located in the Copper Cres- 
cent district of northern California. 
Despite his reasonably adequate elec- 
trical equipment and _precipitator 
size, operation was far from smooth 
and had many baffling aspects. Nev- 
ertheless, these difficulties were grad- 
ually overcome and collection effi- 
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Fig. 4. Cottrell's Experimental Precipitation 
Equipment for Collection of Sulfuric Acid 
Mist, University of California, 1906. 


ciency was brought up to around 80 
to 90%, with recovery of about 3 
tons of fume precipitate/day. It is 
of interest to note that the cost of 
this entire precipitation system in- 
cluding auxiliary flues, fans, and fume 
disposal means was approximatel) 
$110,000 or a little over 40 cents, 
cfm. Although the Balaklala smelte: 
was finally shut down in July, 1911 
on account of the sulfur dioxide nui- 
sance which the precipitator could not 
of course correct, the installation did 
demonstrate the practicability of 
really large-scale electrostatic _pre- 
cipitation and soon led to the wide- 
spread adoption of the Cottrell proc- 
ess throughout the western smelter 
region. 

Air pollution problems during this 
period were by no means limited to 
smelters, and the next great advance 
in electrostatic precipitation came 
from an entirely different field, the 
Portland Cement industry in south- 
ern California. Lime and clay dust, 
emitted in large quantities from the 
cement kilns, settled on surrounding 
orange groves with damaging and 
costly effect. Cottrell, in answer to 
a query from the Riverside Portland 
Cement Company, believed that the 
precipitation process could be suc- 
cessfully applied to solve this diffi- 
cult problem. New factors of size 
and complexity were involved in 
treating over 1,000,000 cfm. of gas 
carrying 100 tons of dust/day at gas 
temperatures of 400 to 500°C. 

The task of devising and construct- 
ing practical electrostatic precipita- 
tion equipment to meet these condi- 
tions was undertaken in 1910 by W. 
A. Schmidt, a former student of Cot- 
trell’s at the University of California. 
During the course of this work, 
Schmidt introduced and patented 
what has since proved to be one of 
the most fundamental advances in 
precipitation technology — the fine 
wire corona-discharge electrode. This 
new concept overcame the limitations 
and practical difficulties inherent in 
the pubescent electrode and provided 


JOURNAL 





SB tt Net FD 


the missing element essential for the 
large-scale development of the Cottrell 
process. 

Schmidt’s work at Riverside was 
also notable in other directions. Ex- 
perimentation and exploration of the 
mysteries and intricacies of the new 
process were in order and were pur- 
sued with zeal. Investigations in- 
cluded collecting electrodes, methods 
of supplying high potential current, 
eflects of sectionalizing the precipi- 
tator, and methods of controlling 
creepage and re-entrainment of col- 
lected dust. For example, experimen- 
tal work was conducted on collecting 
pipes up to 4 ft. in diam., operated 
at potentials of over 100 kv. Many of 
the subsequent advances in the art 
of electrostatic precipitation may be 
traced to these pioneering investiga- 
tions. Incidentally, the Riverside 
precipitator is still in operation at 
high efficiency and without structural 
changes. 

With the successful completion of 
the Riverside installation in 1912 and 
the rapid application of the process 
throughout the smelter field, electro- 
static precipitation passed from in- 
fancy to childhood and adolescence. 
It was also at this juncture that Cot- 
trell, a man of extremely broad inter- 
ests and idealistic nature, transferred 
his activities to other fields and ex- 
cept for a few published papers was 
never again active in electrical pre- 
cipitation. With the financial back- 
ing of several associates, he had 
formed Western Precipitation Com- 
pany in 1907 to handle the commer- 
cial phases of his electrostatic pre- 
cipitation endeavor. Cottrell had 
long cherished the idea of establish- 
ing a non-profit foundation to admin- 
ister and market patents emanating 
from universities and other similar 
institutions, with the net profits from 
such business to be used for the fur- 
therance of scientific research. To 
this end in 1912, with the financial 
aid of a group of prominent indus- 
trialists and educators, he organized 
the Research Corporation and turned 
over to it his valuable precipitation 
patent rights for the United States 
east of the Rocky Mountains, with 
the exception of the cement industry, 
as an initial endowment. His re- 
maining interest, which included pat- 
ent rights for the western states for 
the cement field throughout the 
United States and world rights on all 
applications other than those assigned 
for the eastern United States were 
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Growth and Applications 


Practical demonstrations of the 
utility of the electrical process for 
large-scale high-efficiency cleaning of 
furnace and process gases during the 
years 1907 to 1912 opened the way 
for the rapid growth and expansion 
of electrostatic precipitation which 
soon followed. Although the world- 
wide growth of the process is of in- 
terest, it is necessary for practical 
reasons to limit the present account 
to the United States. Developments 
in Europe, the most important area 
outside of this country, have largely 
paralleled those here, even though 
details of the technology and some of 
the applications differ. 

The plan adopted in preparing this 
section is to divide the applications 
into major industrial fields or areas. 
This is necessary in order to maintain 
a logical and understandable ap- 
proach as well as to define the impor- 
tant fields of application for electro- 
static precipitation. Over-all sum- 
maries and data on the range of op- 
erating conditions and performance 
of precipitators are given at the end 
of this section. 


Metallurgical Applications 


Copper, lead, and zinc smelters 


As would be expected, the Cottrell 
process was seized upon and devel- 
oped very rapidly by the western 
smelters as a counter measure in their 
desperate legal struggle against fume 
damage suits. Other gas cleaning 
methods had proved inadequate or 
ineffective in solving these problems. 
For example, huge settling chambers 
in the form of extremely long and 
wide flues collected only dust par- 
ticles, with most of the fine fume 
pouring out of the stacks. Filtration 
through woolen bags had been in use 
in lead smelting, but was scarcely ap- 
plicable in copper smelting because 
the gases were much hotter and usual- 
ly carried considerable sulfuric acid 
and both of these conditions caused 
rapid deterioration of the bags. 


Although precipitator applications 
in the smelter field were made initial- 
ly to abate the serious smoke nui- 
sance, an even greater usefulness was 
soon found in recovering the valuable 
copper, lead, and zinc oxides and 
other compounds carried out of the 
stacks in the form of dust and fume 
from the furnace operations. In large 
installations the recovered particles 
which amounted to many tons ran to 
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hundreds or even to thousands of dol- 
lars/day, and recovery was a matter 
of simple economics. Most of the 
western smelters, following their tra- 
ditional philosophy of self-sufficiency, 
designed and built their own precipi- 
tators under patent license agree- 
ments. As a result, rather striking 
differences developed in their pre- 
cipitation technology and practices as 
compared to the rest of the precipi- 
tation industry. 

Experimental work on the electrical 
treatment of copper converter furnace 
gases was started as early as 1911 at 
the Garfield, Utah, smelter, while a 
year later the work was extended to 
a full-scale unit of 50000 cfm. capaci- 
ty. The successful results obtained 
on converter gases encouraged the 
Garfield group early in 1913 to ex- 
tend their experimental work to the 
treatment of gases from lead blast 
furnaces, MacDougall roasters, and 
reverberatory furnaces. High-efficien- 
cy performance was obtained on all of 
these gases separately as well as when 
mixed together. 

Development of electrostatic pre- 
cipitation at the giant Anaconda 
smelter also was begun during this 
period. Because of the very large 
volumes of gases to be treated, the 
use of 5 in. diam. collector pipes such 
as were used at Garfield would have 
been prohibitive in cost on account 
of the tremendous number of pipes 
required. For this reason the initial 
approach at Anaconda was in the di- 
rection of large pipes, 12 to 36 in. in 
diam. and 20 ft. long, (See Fig. 5, 
current off, and Fig. 6 current on,) 
powered by rectifier sets of 150,000 
volts capacity. Somewhat later even 
larger pipes of 48 in. diam., operated 
from 220,000-v. rectifiers, were test- 
ed. However, these extremely large 
pipes proved to have their own dis- 
advantages, chiefly the lengths of 20 
ft. or more necessary for good effi- 
ciency and the very high voltages of 
150,000 to 200,000 required to gener- 
ate the corona. The full-scale Ana- 
conda precipitator, therefore, was 
built with box- or plate-type collect- 
ing electrodes in a vertical flow ar- 
rangement for a treatment capacity 
of 700,000 cfm. This unit went into 
operation in 1916 and would classify 
as a large installation even by today’s 
standards, Another early smelter in- 
stallation which illustrates the line of 
development during that period was 
at Trail, British Columbia. This pre- 
cipitator, built in 1914, was for a ca- 
pacity of 100,000 cfm. and used col- 
lecting pipes 13 in. in diam. 
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Technology of the process was ad- 
vanced and developed simultaneous- 
ly with the applications. Perhaps the 
most important discovery of the pe- 
riod was the so-called conditioning of 
gases to render the particles conduc- 
tive. This lack of conductivity of 
precipitated deposits undoubtedly was 
a major factor in the failure of 
Lodge’s early work and also plagued 
Cottrell in his work at Balaklala. 
The discovery of conditioning, made 
during the Garfield experiments in 
1912, was in a sense accidental. It 
was observed in the preliminary work 
on the converter gases that during pe- 
riods when considerable sulfur tri- 
oxide was present, the coating on the 
pipes from the condensed fume was 
conductive and the process offered 
no difficulties; but that during pe- 
riods of low sulfur trioxide, non- 
conductive deposits were formed in 
the pipes and after a short time 
the current was interrupted and 
further precipitation ceased. In ad- 
dition to the conditioning effect of 
sulfur trioxide, it was found that con- 
ditioning by moisture, in the form of 
fine sprays injected into the gas, was 
very effective. Although in full com- 
mercial practice at Garfield, the fluc- 
tuation in sulfur trioxide content of 
the gases and the need for condition- 
ing was circumvented by mixing the 
gases from several converter fur- 
naces, the discovery of sulfur trioxide 
and moisture conditioning made pos- 
sible the successful application of the 
process to many otherwise non-con- 
ductive or high-resistivity dusts and 
fumes, and provided the third essen- 
tial element necessary for wide utili- 
zation of electrostatic precipitation. 


Another valuable development at 
Garfield which was soon elaborated 
on at Anaconda was the principle of 
fractional precipitation. During the 
work on the converter gases, it was 
found that even practically complete 
removal of the lead fume and clari- 
fication of the gas at a temperature of 
340°C. still resulted in a cloudy dis- 
charge from the stack. To obtain 
complete clearance of the stack it was 
necessary to cool the gases to 90°C. 
The explanation lay in the presence 
of arsenic trioxide and sulfur trioxide 
in the gas which were both in the va- 
por phase at 340°C., but condensed 
to fine fumes at 90°C. This finding 
suggested the possibility of effecting 
fractional condensation and separa- 
tion of the fumes and vapors present 
by cooling the gases in several steps, 
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Fig. 5. Anaconda Leaching Plant Test Pre- 
cipitator, Electric Power Off. C. 1913. 


and using precipitation at each step 
to collect the component condensed 
at that temperature. The process was 
demonstrated shortly thereafter at 
Anaconda where refined, snow-white 
arsenic trioxide fume was separated 
and collected from the furnace gases. 


Over the years precipitator appli- 
cations in smelters have continued to 
increase, They are used extensively 
on copper, lead, and zine reduc- 
tion operations; copper roasters, con- 
verters, and reverberatory furnaces; 
Dwight-Lloyd sintering machines, 
blast furnaces, and reverberatory fur- 
naces in lead; roasting of ore con- 
centrates in zinc. Many of these are 
large installations. 


However, the largest smelter pre- 
cipitator in this country is undoubt- 
edly the central gas-treating installa- 
tion at Anaconda which was built and 
placed in operation in 1919. Gas 
flows of over 2.000.000 cfm. are han- 
dled in the treater. Gases from the 
precipitator are discharged through 
a monumental stack 585 ft. high and 
60 ft. inside diam. at the base. The 
stack is an impressive sight and domi- 
nates Deer Lodge Valley from its lo- 
cation on a promontory 700 ft. above 
the smelter works and 1100 ft. above 
the valley. This precipitator, in ad- 
dition to its size, is notable for the 
size and capacity of its rectifier equip- 
ment which comprises 12 full-wave 
mechanical rectifiers, each powered 
by a 100-kv., 75-kva. high-voltage 
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Fig. 6. Anaconda Leaching Plant Test Pre- 
cipitator, Electric Power On. C. 1913. 
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transformer. A typical analysis of 
the precipitate shows on the order of 
5% each of copper, zinc, and lead, 
and about 40% arsenic trioxide. Col. 
lection of the extremely fine arsenic 
trioxide fume by the Cottrell process 
provided the answer to the problem 
of arsenical poisoning of livestock in 
the surrounding agricultural region 
which originally had involved the 
smelter in severe damage suits. 


Another important application of 
precipitators in the smelter area is in 
connection with the sulfur dioxide 
problem. Heavy emission of sulfur 
dioxide from sulfide ore roasting and 
other operations constitutes a serious 
potential source of damage to forests 
and vegetation over large areas adja- 
cent to smelters. The Ducktown, 
Tennessee and Trail, British Colum- 
bia cases are among the best known 
examples of such damage. 


Among the several successful meth- 
ods for controlling sulfur dioxide 
emanations, that of conversion to sul- 
furic acid is the most important. The 
conversion may be effected either by 
the historic chamber process or by 
the modern contact or catalyst meth- 
od. Both of these have been used in 
the smelter industry, but all of the 
later installations are based on the 
contact process. In this process the 
hot sulfurous furnace gases are first 
cooled to 300 or 400°F. and the en- 
trained dust is removed in a dry pre- 
cipitator. The cleaned gases are then 
passed through a scrubber for fur- 
ther cooling and then through an acid 
mist precipitator to remove acid 
formed from the sulfur trioxide nat- 
urally present in the furnace gases. 
After treatment in a coke-filled scrub- 
ber, the gases are passed through cata- 
lytic contact converter chambers for 
converting the sulfur dioxide to sul- 
fur trioxide, and finally through ab- 
sorption towers which turn out high- 
quality sulfuric acid. Although dis- 
posal of the large tonnages of acid 
produced originally was believed to 
be a major or impossible problem, the 
development of large markets for 
phosphate fertilizers not only solved 
the acid disposal problem, but also 
proved to be a profitable operation. 
Thus, the history of the smelter smoke 
problem, where correction of a seri- 
ous and expensive air pollution sit- 
uation actually turned out to be a 
profitable venture, was repeated. 


Steel industry 
This field although developed later 


than the non-ferrous smelter applica- 
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tions has long been an attractive one 
for electrostatic precipitators. The 
various operational functions in the 
steel industry where air pollution is 
a factor has resulted in numerous 
types of precipitator installations. In 
general, there are 2 classes of equip- 
ment used in this industry. The first 
type, such as used for the cleaning of 
blast furnace gas where the gas is 
cleaned for an economic purpose, and 
the second where air pollution prob- 
lems are rampant, such as the clean- 
ing of open hearth furnace gases, sin- 
tering machines, scarfing machines, 
Bessemer oxygen impingement proc- 
esses, and electric furnaces. 


The cleaning of blast furnace gas 
initially was studied before 1920. At 
this time, it was proposed to handle 
the gases on a hot, dry basis so that 
the sensible heat of the gases could 
he economically used. Troubles were 
encountered due to dust resistivity 
and fluctuating loads so that this ap- 
plication did not proceed very rapid- 
ly. It was not until about 1930, when 
the use of small checkers for better 
heat transfer in the hot stoves were 
intreduced together with the develop- 
ment of the wet-film or water-flushed 
collecting electrode, that electrostatic 
precipitators came into their own in 
this field. This application has been 
a very important one and a large 
number of installations has been 
made, - It is estimated that the gas 
capacity of the blast furnace precipi- 
tators installed in America totals 
about 15,000,000 ft. of gas/min. 
These precipitators have proved very 
satisfactory from an economic stand- 
point which is attested by their long 
life, low operating cost, and the ex- 
ceptionally clean gas resulting from 
their operation. 


An important application is the 
cleaning of open hearth furnace gases. 
This application is strictly one of re- 
moving suspended material for air 
pollution control purposes. The prob- 
lem involves the cleaning of a gas 
from a cyclic process in which the 
volume, temperatures, dust content, 
and chemical content of the dust vary 
from hour to hour. The precipita- 
tors have operated very satisfactorily 
on this process. It is interesting to 
note that on one particular installa- 
tion there was. present an undesirable 
gaseous component which, for air pol- 
lution reasons, it was necessary to re- 
move. This was done using a rela- 
tively old technique of adding a 
chemical to react with the gaseous 
component so that it could be fixed 
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as a solid aerosol. In this particular 
case the precipitator operated not 
only on the native open hearth gas 
but on the reacted material as well. 
This field seems to be an ever-widen- 
ing one for the air pollution pres- 
sures being exerted on the industry 
to clean these gases are very great, 
since the raw gas from an open hearth 
has the unhappy faculty of creating 
clouds of fume. 


Another relatively recent applica- 
tion is the cleaning of gases from 
sintering machine operations. This 
application lends itself very well to 
precipitators. Precipitators have been 
used for the cleaning of gases from 
the machines using the hot scarfing 
processes. The cleaning of electric 
furnace gases has been done on a 
few installations and the records have 
indicated that the problem is not an 
easy one, although there is no reason 
why the successful use of a precipi- 
tator cannot be predicted. Another 
very interesting process is the use of 
precipitators for cleaning the gases 
from oxygen impingement steel proc- 
esses. Equipment for this process is 
now being built. Extensive pilot 


plant work in both America and 
Europe has indicated that precipita- 


tors can do an excellent job in this 


field. 


Precious metals 


An interesting application which 
developed in the early 1920’s was the 
recovery of gold from furnace and 
chemical operations at the United 
States Assay Office in New York City. 
This installation treated 70,000 cfm. 
of gas at an efficiency of over 95%. 
The gold recovered in fume deposits 
from the precipitator amounted to 
about $11,000/annum. Subsequent- 
ly similar installations were made at 
several United States mints. Another 
application of some importance is the 
treatment of fumes from furnace op- 
erations for the production of metal- 
lic silver in connection with the elec- 
trolytic refining of copper. 


Cement Industry 


The cement industry is historically 
the second oldest application for the 
Cottrell process, dating from the pio- 
neer work of W. A. Schmidt at River- 
side, California in the years 1910 to 
1912. It is also one of the largest in 
terms of number of installations and 
total gas treated. Precipitators are 
applied in several functional opera- 
tions in this technology, including 
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wet and dry process rotary clinkering 
kilns, shale and stone dryers, and 
grinding operations. This applica- 
tion, like that of fly ash, is hampered 
by the resistivity problem although it 
has been successfully circumvented in 
the latest designs. The information 
gleaned from the work om the re- 
sistivity of fly ash has played a very 
important role in the design of pre- 
cipitators for this service. The gas 
cleaning installations for handling 
the situations created by the changes 
in the clinkering technology such as 
Lepold kilns and Fuller-Humboldt 
pre-heaters have been successfully de- 
signed. Like all applications where 
resistivity is a factor, the designer 
must be wary of designs that are not 
capable of handling high resistivity 
materials. 


In the rotary kiln operation, which 
is the principal application for pre- 
cipitators, waste gases are discharged 
at a temperature of from 400 to 
600°F. for a wet process kiln and 
1000 to 1600°F. for a dry process 
kiln, and carry suspended particles 
normally in the range of from 4 to 
10 gr./ft.? with some cases up to 20 
to 40 gr./ft.* Raw material compris- 
ing basically lime and clay minerals 
is charged to the kiln in the form of 
a finely ground powder carried either 
by air for dry process or by a water 
slurry for wet process. In general, 
the wet process kiln is easier to deal 
with from the standpoint of electro- 
static precipitation chiefly because of 
the high moisture content and moder- 
ate temperature of the gas discharged 
from the kiln. In the case of dry 
process kilns, the gas temperature is 
reduced to the range of 600 to 700°F. 
ahead of the precipitator, usually by 
means of radiation cooling and air 
dilution, although spray cooling with 
water has been used to some extent in 
recent years. Dry plate-type precipi- 
tators are accepted practice in this 
field with most installations designed 
for 95 to 98% efficiency. 


The general prospects for using 
large amounts of cement during the 
next 15 years augurs well for pre- 
cipitators in this industry. 


Chemical Industry 


Electrostatic precipitators have 
been used by the chemical industry 
for a long time. Wherever a valu- 
able aerosol is to be collected, where 
a gas is cleaned for subsequent use, 
or where atmospheric pollution must 
be controlled, precipitators have been 
used by chemical engineers. A com- 
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plete list of uses for this industry is 
beyond the scope of this paper. How- 
ever, there are some very interesting 
applications which should be men- 
tioned. Precipitators have been used 
in the sulfuric acid manufacturing in- 
dustry since 1907. Cottrell’s early 
experience at the Pinole, California, 
powder works attests their use in this 
field. In the manufacture of sul- 
furic acid by the contact process the 
gases, before entering the drying 
tower and after the scrubber, are gen- 
erally treated in precipitators for the 
removal of acid mist. Inasmuch as 
small traces of acid mist are detri- 
mental to the function of the cata- 
lyst extremely high efficiencies are 
necessary. 

In chamber acid plants, particu- 
larly where metallic by-product gas 
is used, the gases are treated at ele- 
vated temperatures for dry dust re- 
moval before they enter the glover 
tower. As far as atmospheric pol- 
lution is concerned, in the sulfuric 
acid industry 2 important applications 
have been made, one for the cleaning 
of tail gas from the sulfuric acid con- 
tact processes and the other the tail 
gases from sulfuric acid concentra- 
tors. 

In the chemical treatment of as- 
phalt it is generally advisable to use 
precipitators on the blowing stills. 
Likewise the gases from gypsum ket- 
tles, dryers, and calciners can be 
treated very economically in the pre- 
cipitators. 

In the manufacture of phosphorus 
by the electric furnace method it is 
universal practice to treat the hot fur- 
nace gases to remove suspended dust 
before the elemental phosphorus is 
condensed. This results in a very 
pure phosphorus product in a very 
economical manner. Likewise, when 
phosphorus is oxidized and hydrated 
the phosphoric acid can be removed 
very conveniently with precipitators. 


A relatively new application in the 
chemical field is the utilization of 
precipitators for the removal of tars 
from oil shale distillation gases. Here 
the precipitator does an excellent job 
in cleaning the gases which are sub- 
sequently condensed and treated to 
produce petro-chemical products. 

Another application in the allied 
oil industry which played a large role 
in the war production of high octane 
gasoline is the use of precipitators 
for the recovery of catalyst in the cat 
cracker installations. A large num- 
ber of precipitators are in use for this 
service and their use results in a re- 
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duction of catalyst lost from the sys- 
tem. 


Detarring of Fuel Gases 


The gasification of organic mate- 
rials for the production of fuel gases 
results in the production of small 
amounts of tars which are carried by 
the gases. In order that the full 
economic value of the gases can be se- 
cured, these tars must be removed. 
Their removal, or detarring as it has 
been called, has proved one of the 
most popular and successful appli- 
cations of electrostatic precipitators. 
In this general category, the detarring 
of water gas, coke oven gas, oil gas, 
and producer gas, are the striking 
examples. 

The electrostatic removal of tars 
from these gases is a simple operation 
and a_ successful one. However, 
while this process may appear quite 
easy at the present time, it was not 
always readily acceptable by indus- 
try. Initially, there was a great deal 
of reluctance on the part of operators 
to accept a process in which spark- 
ing was inherent. There were a 
great many vague fears that the arc- 
ing would result in explosions of the 
fuel gas. Early pilot plant tests indi- 
cated that the explosion hazard was 
practically non-existent and after 
much study the method was accepted 
by the industry. 


The precipitation of tars from 
these gases is technically straightfor- 
ward inasmuch as the precipitated 
tars are free flowing and continu- 
ously steady conditions are secured. 
The broad acceptance of the method 
as an integral function in the gasifi- 
cation industry attests to the success 
of the process. 


Beyond an occasional installation 
where corrosion occurs, the operating 
difficulties are practically non-exist- 
ent. Installation costs, operating 
costs, and operating efficiencies se- 
cured are so favorable it is practically 
unthinkable for a design engineer not 
to include the equipment in gasifica- 
tion layouts. 


Black Smoke 


Collection of black smoke from the 
combustion of soft coal was one of 
the earliest applications considered 
for electrostatic precipitation, and 
also one having great popular appeal 
in an era of smoky cities caused large- 
ly by black plumes issuing from fac- 
tory stacks and a myriad of home 
chimney pots. Cottrell, who must 
have found this subject wearisome, 
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always maintained the fundamental- 
ly sound view that, with but few ex- 
ceptions, the proper cure for the 
black smoke problem was not col- 
lection, but better and more efficient 
combustion to prevent its formation. 

Some of the legitimate early cases 
where cleaning was justified included 
smoke emission from the manufac- 
ture of illuminating gas by pyrophor-. 
ic decomposition of crude petroleum, 
smoke from locomotive roundhouses, 
and certain boiler plants where peak 
load conditions caused periodic emis- 
sion of heavy black smoke. Precipi- 
tator installations for these purposes 
were made as early as 1912 in a west- 
ern gas works and at the Eureau of 
Mines Fuel Experiment Station in 
Pittsburgh. Electrical collection of 
black smoke is not difficult aside 
from the problem of removing the 
light fluffy soot from the electrodes 
after deposit. In some cases, the 
soot proves sufficiently cohesive be- 
cause of the presence of tars, while 
in other cases water sprays or wet 
films are necessary as a carrying ve- 
hicle for the sooty deposits. 


Carbon Black 


The application of precipitators to 
the economic collection of carbon 
black is a relatively old one. As early 
as 1920 precipitators were applied to 
small installations producing carbon 
black and lamp black for ink blend- 
ing. 

It was not, however, until the Sec- 
ond World War that this industry be- 
came a large user of electrostatic 
precipitators. The production of ar- 
tificial rubber and its requirement for 
a type of carbon black which could 
be made in controlled gas volume 
furnaces was responsible for the 
large usage of precipitators in this 
field. While precipitators had been 
tried in pilot plant studies on gases 
from channel furnace buildings, the 
large volume of gas involved mili- 
tated against their commercial us- 
age because of high costs. The re- 
moval of carbon black from streams 
of furnace gases is generally done 
with an electrostatic precipitator fol- 
lowed by a mechanical collector, In 
this case, the precipitator acts as a 
size agglomerator to increase the ef- 
ficiency of the mechanical collection. 
Most of the furnace plants use this 
system for the process collection of 
the black, however where air pollu- 
tion problems arise a tertiary clean- 
ing step is necessary — either bag 
filters or scrubbers — to provide the 
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clean stack gas necessary to allay pol- 
lution fears. 


Paper Mills 


The application of precipitators to 
the paper mill industry has been 
studied for a great many years. Ac- 
tually an installation using precipita- 
tors for the recovery of salt cake from 
recovery furnace gases was made in 
Canada in the late teens. The im- 
petus for the use of precipitators in 
this industry, however, did not ma- 
terialize to any great extent until 
the 1930’s when the manufacture of 
sulfate pulp from southern pine be- 
came a commercial possibility. 

The initial applications in this field 
were dominated by the economic fac- 
tors in the recovery of salt cake. The 
finding that a precipitator could op- 
erate on gases from an evaporator 
above the gas dewpoint led to its ac- 
ceptance in the flowsheet of recovery 
furnace plants. The gases leaving the 
evaporators are at such temperature 
that dry precipitation could take 
place and the equipment could be 
built of steel since the corrosion was 
minimized. This application resulted 
in the collection of approximately 
100 to 150 lb. of salt cake/ton of 
pulp which had previously been dis- 
pelled to the atmosphere. Practical- 
ly all of the installations to date have 
been installed on the basis of the eco- 
nomic recovery of salt cake and since 
salt cake costs have risen very sharp- 
ly during the last several years the 
economic attractiveness of precipita- 
tors has been enhanced. During the 
last 2 years consideration has been 
given to higher efficiency units in or- 
der that air pollution reduction can 
also be accomplished. 


Electric Power Industry 


The continued rapid increase in 
electric power consumption which on 
the average has doubled every decade 
since about 1900 has placed ever-in- 
creasing emphasis on fuel sources 
and power generation efficiency. Fos- 
sil fuels comprising coal, oil, and 
natural gas have been the most im- 
portant energy sources for many 
years and by present indication will 
continue to be for at least several 
more decades. Hydroelectric power 
now accounts for only about 20% of 
the total, while the outlook for atom- 
ic power is a relatively slow long- 
term growth amounting to possibly 
10 to 20% of the total by 1975. 

Of the fossil fuels, coal is by far 
the most important for power pro- 
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duction. Early power plants burned 
coal in stoker-fired boilers, but the 
drive for higher power generation 
efficiency led in 1919 to the success- 
ful development of pulverized coal as 
a basic fuel for the large highly ef- 
ficient steam generating units char- 
acteristic of modern power plants. In 
this form of firing, the residual ash 
from the coal is entrained in the fur- 
nace gases in the form of finely di- 
vided particles commonly known as 
fly ash, and normally will be emitted 
from the stack unless special and ef- 
fective means are provided for their 
removal. These minute fly ash par- 
ticles may constitute ten percent or 
more of the coal burned and there- 
fore may produce a serious air pollu- 
tion problem. 


Electrostatic precipitation was es- 
tablished early as the standard meth- 
od for dealing with the fly ash prob- 
lem; the first full-scale precipitator 
for this purpose was installed in De- 
troit, Michigan in 1923, only 4 years 
after the introduction of pulverized 
coal firing in power plants, Since 
then the use of precipitators for this 
purpose has paralleled the growth of 
the power industry and has for many 
years been the largest single field of 
application for electrostatic separa- 
tors in this country. There are some 
steam power plants located in rural 
or remote areas which find mechani- 
cal fly ash collectors adequate for 
solving their air pollution problems, 
but these plants constitute only a 
small fraction of the total. The large 
majority of plants is located in cities 
or metropolitan areas and for these, 
electrostatic precipitators form an in- 
tegral part of the boiler installations. 

Development of the cyclone-fired 
furnace some 12 years ago in which 
the coal is burned in a coarse crushed 
form rather than in a_ pulverized 
state was at one time believed to pro- 
vide a solution for the air pollution 
problem by eliminating the fly ash 
at the source. However, experience 
has only partly confirmed this ex- 
pectation. It has been found that 
such boilers emit appreciable quan- 
tities of fine fume particles to the ex- 
tent of about 20% by weight of the 
ash present in the coal. The consid- 
erable quantity and high visibility of 
this fume has necessitated installa- 
tion of electrostatic precipitators to 
eliminate the nuisance. 


The magnitude of the fly ash prob- 
lem is strikingly shown by figures on 
the pulverized coal burned by the 
power utilities, which in 1948 
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amounted to some 65 million tons 
and by 1955 had risen to 140 million 
tons. Nor is there any indication of 
a slackening or reversal of this rate 
of increase in coming years. For 
example, studies recently made on en- 
ergy sources for power production 
led to a projected figure of 440 mil- 
lion tons of coal/annum by steam 
power plants by 1980. This predic- 
tion takes into account the impact 
of atomic energy and all other fore- 
seeable factors. 


In addition to the sheer magnitude 
of the coal burned, the fly ash col- 
lection problem is constantly becom- 
ing more complex because of the 
rapid growth in boiler sizes, the gen- 
eral worsening of coal quality in the 
form of higher ash content and more 
variable ash characteristics, and the 
requirement for higher collection ef- 
ficiencies and cleaner stacks. Maxi- 
mum boiler capacities have about 
doubled in the past decade. The 
largest boilers in 1947 were rated at 
about one million lb. of steam/hr. 
whereas the present figure is two to 
two and one-half million lb./hr., with 
units up to three million lb./hr. being 
projected for installation in the next 
2 or 3 years. In terms of flue gas to 
be cleaned, these figures correspond 
to about 0.5 million cfm. for a large 
boiler of 10 years ago, about one 
million cfm. for the largest boilers 
now in operation and, 1% to 
possibly 2 million cfm. for the larg- 
est boilers now projected or being 
considered for installation within the 
next 2 or 3 years. 


Collection efficiency requirements 
have also risen markedly over the 
years. The earliest fly ash precipi- 
tators of the 1920’s were designed for 
90% cleaning efficiency. By 1940 
the standard had risen to around 
95% and to about 97% by 1950. 
Requirements have now increased to 
98 to 99% for precipitators in criti- 
cal air pollution areas. The ultimate 
requirement for collector efficiency 
in the fly ash field is probably now 
being reached. A visually clear stack 
discharge, as determined both by 
fundamental optical considerations 
and by actual observations on exist- 
ing power plant stacks, is obtained 
when the ash concentration is re- 
duced to about 0.02 gr./ft.* of gas. 
For most plants the fly ash concen- 
tration ahead of the collector is in 
the range of 2 to 4 gr./ft.* which 
means a collector efficiency of 99 to 
99.5% to achieve the ideal clean 
stack condition. 
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Marked changes have also occurred 
during the past 10 years or so in 
the interpretation and meaning of 
collector efficiency. These have 
arisen from the general practice of 
base loading the newer and more ef- 
ficient generating units as well as the 
more stringent air pollution regula- 
tions of many cities. In earlier years, 
boilers were commonly operated at 
low load at night, and precipitators 
were heavily rapped at these low load 
periods when there would be little 
loss of ash from the stack. Efficien- 
cy tests made at full load during the 
day under these conditions did not 
fully reflect the losses caused by rap- 
ping the precipitator. By contrast, 
present day practice on new installa- 
tions requires that the collector op- 
erate continuously day and night at 
or near full load and with continu- 
ous rapping to eliminate the old un- 
sightly rapping puffs which are char- 
acteristic of intermittent rapping 
methods. It is clear that precipitator 
efficiency under modern stringent 
conditions has a meaning quite dif- 
ferent than in earlier years and that 
basically improved precipitator de- 
signs are necessary to adequately 
meet these more rigid performance 
requirements. 


While this application is the larg- 
est for electrostatic precipitation, it 
is probably also the most difficult 
one. Inherently the difficulty arises 
from the fact that at the time the 
boiler installation is planned there is 
at best only limited information 
available on the character of the ash 
to be experienced. This pertains not 
only to the particle size of the ash 
but also the resistivity which plays 
such an important role in the pre- 
cipitation of this type of suspended 
material. While a large number of 
studies has been made to determine 
what may be expected from the burn- 
ing of certain types of coals, other 
factors such as the operation of the 
boiler also influence ash characteris- 
tics, so that the designer must base 
his approach on statistical methods 
and experience with coals of similar 
nature. This method has proved to 
be moderately successful, however 
studies on this are continuing. It is 
very important that this phase of fly 
ash precipitation be established so 
that precipitator designs can be clari- 


fied. 


Air Cleaning 


Cleaning of factory ventilating air 
on a substantial scale of 55,000 ft.3/ 
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min. was accomplished at a New 
Haven, Connecticut, arms plant in 
1915. It should be noted, however, 
that no attempt was made to re-cir- 
culate the air. Recirculation of elec- 
trostatically-cleaned air in a ventila- 
tion system seems to have been first 
tried at an office building in Fresno, 
California, in 1923. One of the ob- 
jects was to determine whether the 
ozone produced by the corona dis- 
charge in the precipitator would have 
any agreeable or beneficial effects on 
the office workers. Needless to say, 
the results were negative; but this 
was a period when ozonizers were 
popular. 

General use of air cleaning precipi- 
tators did not start until the late 
1930’s with the introduction of the 
low-ozone type precipitator, The de- 
velopment of suitable precipitator 
equipment for air cleaning actually 
involved several problems. Indus- 
trial precipitators of the Cottrell type 
generate appreciable amounts of 
ozone when treating ordinary air. 
The ozone is produced in the visible 
corona glow sheaths which encom- 
pass the high-tension wires and may 
amount to several ppm. concentra- 
tion by volume in the discharge air. 
This is far above permissible ozone 
levels which at present are estab- 
lished at 0.1 ppm. for factories and 
workshops and considerably less for 
home and office environments where 
longer exposures are probable. 

In addition to the ozone problem, 


sharp reductions in size, operating 
voltages and cost were essential to the 
development of practical equipment 
for electronic air cleaning. Credit 
for achieving a satisfactory solution 
of these problems and developing 
practical equipment is principally due 
to the work of Penney in the middle 
1930’s. He utilized the 2-stage pre- 
cipitator principle, conceived and 
patented some 20 years earlier by 
Schmidt, for his basic design. Re- 
duction of ozone generation in the 
particle charging stage was accom- 
plished by using very fine tungsten 
wires of 5 to 10 mils diam. operated 
at relatively low voltages and currents 
of positive polarity. Compact size 
and lowered cost of the particle col- 
lecting section were achieved by us- 
ing light aluminum plates spaced 
about 4% inch apart. These 
basic design features were incor- 
porated in the original Precipitron 
first marketed by Westinghouse in 
the late 1930’s and copied widely 
since then by other groups selling 
electrostatic air cleaning equipment. 

Electrostatic air cleaning has come 
into rather general use in many 
manufacturing and process opera- 
tions where dust-free air is essential 
as, for example, in the manufacture 
of photographic emulsions, assemb- 
ly of optical instruments, fabric and 
spinning operations, and cleaning 
blower air for blast furnaces in steel 
mills. It is also used in many office 
buildings and commercial establish- 


TABLE | 


Pioneer Precipitator Installations 1907-1920 





Application 


cfm. 


Sulfuric acid mist from contact acid plant, 1907 
200 cfm. 
Smelter, zinc and lead fumes, 300,000 cfm. 1910 


Cement kiln dust, 1,000,000 cfm. 
Copper converter (lead fume), 200,000 1912 


Gold and silver recovery from furnace 1913 
treatment of electrolytic copper slimes. 


Date | Location 





Pinole, Calif. 


Shasta Co., Cal. 
Balaklala 

1912 Riverside, Cal. 
Garfield, Utah 
Amer. Smelting 
and Refining Co. 
Perth Amboy, N. J. 
Raritan Copper 
Works 





Absorption of chlorine gas by powdered 
lime followed by precipitator collection 


Dwight-Lloyd sintering machine lead 
fume. 20,000 cfm. 


Tar removal from illuminating gas; 
25,000 cfm. 

Cleaning ventilating air in factory; air 
not recirculated 55,000 cfm. 

Paper-pulp recovery of alkali salts from 
waste liquor evap. gases; 90,000 cfm. 
Central gas cleaning plant; 2,000,000 cfm. 





1913 


1914 


1915 
1915 
1916 
1919 





Niagara Falls, 

New York. Hooker 
Electro-Chemical 
Tooele, Utah 

Inter. Smelting 

and Refining Co. 
Portland, Oregon 


New Haven, Conn. 
Winchester Arms 
Canada 


Anaconda, Mont. 
Anaconda Copper 
Smelting Co. 
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TABLE I! 


Summary of United States Precipitator Installations 
in Major Fields of Application, 1907-1957 
(See Fig. 7.) 


60% 


ELECTRIC POWER INDUSTRY 





No. 
pptrs. 


Ist 
install. 


Gas flow 


Application million cfm. 





Electrical Power Industry: 1923 730 157 

(Fly Ash) 
Metallurgical: 

Copper, lead and zinc 
Steel industry 
Aluminum smelters 

~ Cement Industry: 

~ Paper Mills: 

~ Chemical Industry: 


~ Detarring of Fuel Gases: 





1910 200 
1919 

1949 88 
191] 
1916 
1907 
1915 
1926 














Fig. 7. Relative Distribution of Precipitators 
in Major Fields of Application on the Basis 
of Installed CFM Capacity. 








r Carbon Black: 




















ments, as well as to a limited degree 
in homes, particularly by persons 
sensitive to certain types of air-borne 
allergens. 


Summary of Precipitator Installations 
and Operating Conditions 


Estimates of the world-wide appli- 
cation of precipitators are very diffi- 
cult and probably impossible to make 
at the present time. However, it is 
possible to make reasonably good es- 
timates of the major applications of 
precipitators in the United States and 
a summary of these is given in Table 
II. It is believed that the figures in- 
cluded in the table are reasonably ac- 
curate and representative. ll of 
the major applications are included 
and probably would account for at 
least 90% of the total if all of the 
various miscellaneous applications 
were also included. The least reli- 
able figure in the table is that for 
copper, lead, and zinc metallurgical 
applications as it has been necessary 
to make fairly rough approximations. 
The figures for the electric power in- 
dustry are believed to be accurate 
within about 5%. It will be noted 
that this latter industry accounts for 
60% of the total on an installed cfm. 
basis as indicated in the diagram, 
Fig. 7. 


Table III is a summary of the 
range of operating conditions for 
precipitators actually installed. These 
figures do not necessarily correspond 
to the theoretical limitations as will 
be clear from the context of the table. 


of APCA 


Summaries of Published Papers, 
United States Patents, and Landmarks 


Literature — Scientific and 
Technical Papers 


The published literature on elec- 
trostatic precipitation is extensive 
and scattered in many fields of ap- 
plication. Practically all of the 
American scientific and technical so- 
cieties have published articles on the 
subject, while the same situation 
exists in European publications. A 
reasonably complete bibliography of 
published papers, including both 
American and foreign, prepared in 
1945 showed between 500 and 600 
total. Recent estimates show a great 
increase during the past 10 years and 
the present figure may be taken as 
approximately 1000 total published 
papers in the field. An annotated list 
of major historical and technical in- 
terest is included in the bibliography. 


United States Patents: 
Electrostatic Precipitation, 1886-1957 


There is a large number of patents 
in the field of electrostatic precipita- 


tion, both in the United States and 
in foreign countries, particularly 
Great Britain and Germany. Many 
of the patents in different countries 
are overlapping so that the United 
States patents may be taken as rep- 
resentative of the entire field and 
these may be broken down into the 
following major categories. 


Collecting and discharge 
electrodes 

Electrode cleaning means .... 

Precipitator applications 

Two-stage precipitators 

Combination precipitators 
(electro-mechanical, 
electro-scrubber, etc.) 


Electrical energization 
Details of construction 
Miscellaneous 


TOTAL for the period 
1886-1957 


A selected list of patents is shown 
in Table IV. 


Horizons 


The general outlook for electro- 
static precipitation is one of expand- 
ing growth in both old and new ap- 


TABLE Ill 
Range of Precipitator Operating Conditions 





Particle concentration 
Particle composition 
Treatment time 


Efficiency 








1 to over 2,000,000 cfm. 

to 1200°F. 

to 150 psi. 

3 to 15 ft./sec. for most applications; 25 to 50 
ft./sec. for a few special air cleaning units 

0.1 to 0.5 in. w.g. 

0.1 to 200+ yu 

7.0001 to 100 gr./ft.* 

no basic limit; solid, liquid, corrosive chemicals 
1 to 10 sec. for most applications; as low as 0.1 
for a few special cases 

most applications 80 to 99%; some 99.9+ % 
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TABLE IV 


Selected List of Basic United States Patents 
on Electrostatic Precipitation 





First patent on electrostatic precipitation. 
Combination precipitator and scrubber. 

Synchronous mechanical rectifier. 
Mercury vapor rectifier tube for electrostatic precipitators. 


803,180. 
888,638. 
Cottrell, No. 895,729. 


Roberts, No. 1,132,124. 
Bradley, No. 1,204,906. 


Liquid-film precipitator. 
1,298,409. 

Wolcott, No. 1,329,737. 
No. 1,343,285. 


Automatic rectifier control. 
2,247,361. 


2,595,204. 
Rabkin, No. 2,689,019. 





Combination eyclone and electrostatic precipitator. 


Cottrell’s first precipitation patent; use of rectified alternating current. 


Fractional precipitation by successive condensation. 


Removal of contaminant gases by electrostatic precipitation. 
W. A. Schmidt, No. 1,221,505. 
H. A. Burns, No. 1,250,088. 
Combination of mechanical and electrostatic collection. 


Conditioning and cooling gases by water spray ahead of precipitator. 


A. O. Walker, No. 342,548. 
B. H. Thwaite, No. 617,618. 
H. Lemp, No. 774,090. 
O. J. Lodge, No. 


L. N. Morscher, No. 
F. G. 


Use of negative polarity. F. G. Cottrell, No. 1,067,974. 
Shielded screen pocket collecting electrode. 


W. A. Schmidt, and G. C. 
W. A. Schmidt and L. 
L. Bradley and 


W. A. Schmidt, No. 
E. R. 


Fine wire corona electrode and two-stage precipitation system. W. A. Schmidt, 


Half-wave energization of precipitators. H. A. Wintermute, No. 2,000,654. 
Low-ozone air cleaning precipitator. G. W. Penney, No. 2,129,783. 

C. C. Levy, No. 1,976,569. H. E. Corbitt, No. 
H. J. Hall, No. 2,742,104. 

Conservation of heat and temperature in vertical flow precipitator (paper 
mill). C. W. Hedberg, No. 2,297,555. 

Pulse energization of precipitators. H. J. White, No. 2,509,548. 

Continuous bank rapping of collecting electrodes. 


H. L. Richardson, No. 


Wet Bottom paper mill precipitator, L. M. Roberts, A. N. Crowder, and S. 





plications. This expectation is based 
on the proved fundamental advan- 
tages and effectiveness of the method 
in meeting the diverse gas cleaning 
needs of modern industrial operations 
and processes. Of the 4 major areas 
of gas cleaning in which electrostatic 
collection is widely used, that of air 
pollution control probably will con- 
tinue to be of first importance, while 
recovery of valuable particles from 
industrial furnace and process gases 
undoubtedly will remain a strong sec- 
ond. Beneficiation of chemical and 
fuel gases by electro-filtration has 
long been essential in many indus- 
tries for economic reasons and may 
well be even more extensively used in 
the future. The use of electronic air 
cleaning for commercial air condi- 
tioning and for providing highly 
cleaned air for industrial purposes is 
growing rapidly. 


Greatest growth in existing appli- 
cations during the next decade may 
be expected in the electric power in- 
dustry where the geometric increase 
in power consumption, the rapid rise 
of coal as the basic energy source for 
power generation, and the greater em- 
phasis on air pollution control in 
American cities, combine to create 
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an ever-increasing need for effective 
air pollution control equipment. En- 
tirely new applications for the meth- 
od undoubtedly will continue to de- 
velop with advancing technology in 


such fields as chemical, mineral, and 
other process industries. For ex- 
ample, the reduction and processing 
of new industrial metals as well as the 
development of newer methods for 
economically treating low-grade ores 
of classical metals will, in many cases. 
include large-scale gas cleaning as an 
integral part of the operations. The 
role of the process in the field of 
atomic energy is not yet clear. Up 
to the present, applications in this 
field have been peripheral and casual. 
However, more serious applications 
are likely to develop when the peace- 
time role and the economics of nu- 
clear energy for civilian use become 
better crystallized. 


Technology of electrostatic pre- 
cipitation has developed rapidly since 
World War II, and activity in this 
area promises to continue at a high 
rate. Further advances may be ex- 
pected in the next few years, par- 
ticularly in the directions of (1) 
substantial reductions in precipitator 
size through fundamental ‘improve- 
ments in electrode systems, gas flow, 
and methods of supplying electrical 
energy, (2) automatic rectifier con- 
trol systems to insure optimum pre- 
cipitator performance under fluctuat- 
ing load and operating conditions, 
(3) rapid adoption of the new sili- 
con rectifiers which appear almost 
ideal for supplying high-voltage rec- 
tified power to precipitators, and (4) 


TABLE V 


Scientific and Technological Landmarks 





Hohlfeld. 


trical energy to precipitator. 


W. H. Howard. 


Montana. 


Anderson. 


S. Dushman. 


field. H. Rohmann. 





trostatic precipitation. 


Theoretical derivation of exponential equation. 
First basic studies on electric charging of suspended particles in the corona 


Introduction of double half-wave rectifier circuit. 
Development of low-ozone air-cleaning precipitator. Penney. 

Development of continuous rapping. 

Introduction of high-voltage selenium rectifiers and silicon rectifiers for elec- 


First laboratory demonstration of the phenomenon of electrical precipitation. 


First attempt to apply electrostatic precipitation on a commercial scale. 
Walker, Hutchings, and Lodge. 

Introduction of high-voltage rectified alternating-current for supplying elec- 
Cottrell. 
First successful commercial precipitator. 
collection of sulfuric acid mist. 
Introduction of fine wire corona electrode. 
Concept and invention of two-stage precipitation system. 
Conditioning of gases by moisture and SO; to render particles conductive. 


Applied process to high-efficiency 


About 200 cfm. treated. Cottrell. 


W. A. Schmidt. 
W. A. Schmidt. 


Fractional electrostatic precipitation. Anaconda Copper Company, Anaconda, 


Application of precipitation to removal of contaminant gases (absorption of 
chlorine gas by powdered lime followed by collection of lime in precipitator) . 
Hooker Electro-Chemical Company, Niagara Falls, New York. 

Experimental discovery of exponential law of electrostatic precipitation. E. 


First application of electronic high-vacuum rectifier tubes to precipitation. 


Deutsch. 


Wintermute. 
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development of better methods and 
equipment for collecting high-re- 
sistivity particles. Other major ad- 
vances in precipitation technology 
may be foreseen in the complete au- 
tomation of gas-cleaning and _ par- 
ticle-handling equipment, —replace- 
ment of present hopper methods by 
fundamentally better means for re- 
moving collected particles from pre- 
cipitators, and development of faster 
and cheaper methods for determining 
performance of gas cleaning equip- 
ment. 

Finally, progress is being made in 
correcting the somewhat chaotic con- 
dition which has resulted from the 
lack of accepted technical standards 
in the entire gas-cleaning industry, a 
situation which has often caused con- 
fusion and sometimes reduced the 
subject to an exercise in semantics. 
\lthough awareness of this problem 
was evinced in 1941 with the formu- 
lation by the American Society of 
\lechanical Engineers of power test 
codes which included standard meth- 
ods for determining performance of 
vas cleaning equipment, general rec- 
ognition and action by other groups 
has occurred only within the past 
few years. Work on standards for 
specifying and rating electrostatic 
precipitation equipment for fly ash, 
as well as on standard methods for 
determining the resistivity and chemi- 
cal analysis of the many kinds of fly 
ash encountered in practice, are near- 
ing completion in the Air Pollution 
Control Association. Badly needed 
standards for determining and speci- 
fying particle size in connection with 
mechanical collectors are also being 
worked on. Standards for high-volt- 
age rectifier equipment for electro- 
static precipitation are in the final 
stages of development in the Ameri- 
can Institute of Electrical Engineers. 
Development and acceptance of these 
various standards should go far to- 
ward placing the entire field on a 
sounder basis and should materially 
aid users in the intelligent appraisal 
of the design and performance of 
electrostatic precipitation equipment. 
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Methods of Combatting Air Pollution in 
Ferrous and Non-Ferrous Foundries* 


For more than 20 years the foun- 
dries of the United States have taken 
a leading role in the elimination of 
unhealthful dusts and fumes from the 
working areas within industrial plants. 
By the efforts to remove internal dust 
and fumes through the use of exhaust 
ventilation and dust-collecting sys- 
tems, the castings industry became 
one of the foremost users of industrial 
dust-collection equipment. During 
this same period the foundry indus- 
try in.conjunction with the dust-con- 
trol equipment industry, built up an 
excellent background of knowledge 
and experience in the techniques of 
effective dust and fume control within 
its plants. 


In fact, there is no other industry 
which has more universally adopted 
dust collectors of one type or another 
than has the foundry industry. In- 
stances where dust-bearing ventilation 
air is discharged to atmosphere with- 
out cleaning are very rare. The prob- 
lem is merely one of selecting a suit- 
able dust arrester and no particular 
problems arise in connection with the 
prevention of air pollution from 
sources of this nature. 


Thus shakeout, cleaning room and 
pattern-making operations have al- 
ready been controlled in the foundry 
industry, but melting operations have 
presented an entirely new set of prob- 
lems because of heat and corrosive 
gases. 


As a basic step in air pollution 
control of hot emissions, the foundry 
industry has adopted operational 
changes as follows: 


1. Control of melting time in or- 
der to obtain a uniform melt- 
ing rate. This may be ac- 
complished by: 


(a) The installation of a larg- 
er size holding ladle, 


* Presented at the 50th Annual Meeting 
of the Air Pollution Control Assoviation 
held at St. Louis, Mo., June 2-6, 1957. 
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thereby reducing melting 
rate fluctuation. 

The use of blast-air con- 
trollers in order to main- 
tain a uniform flow of 
combustion air through 
the charge thus reduc- 
ing peaks or gusts of 
emissions discharged to 
atmosphere. 

(c) Keeping the charge depth 
at a maximum for the 
purpose of holding down 
the stack gas velocity and 
thus enabling the top 
part of the charge to act 
as a dust and cinder col- 
lector. This may aggra- 
vate the oil fume prob- 
lem if adequate ignition 
temperature and combus- 
tion space are not avail- 
able in the stack. 


2. Proper handling of cupola 


coke in order to reduce the 

amount of coke particles car- 

ried out of the cupola stack. 

This may require: 

(a) Screening or forking of 
the coke before it is 
war in the charging 

ucket. 

(b) Altering the method of 
adding coke to the charg- 
ing bucket in order to 
reduce the distance the 
coke falls. Where coke 
and metal are added to 
the same bucket, the coke 
should always be added 
last. 

(c) Keeping the cupola as 
full as possible in order 
to keep coke from break- 
ing during charging. 


. Briquetting of metal turnings 


before charging. This reduces 
the amount of coarse mate- 
rial emitted. 


. Using cleaned, well screened, 


unweathered limestone to 
minimize limestone dust in 
the emissions. 
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5. Removing, by means of a 
sprue mill, all possible sand 
from sprues and risers re- 
turned to the cupola for re- 
melt. 

. Installing afterburners at the 
cupola charging door in or- 
der to maintain stack gas ig- 
nition at all times. Without 
afterburners, the cupola stack 
flame will oftentimes be ex- 
tinguished when a charge is 
dropped into the cupola. These 
burners are installed above or 
opposite the charging door 
and completely consume com- 
bustible fines and oil vapors 
before discharge to atmos- 
phere. 

. Increasing the stack height at 
least 25 ft. above the charg- 
ing door in order to provide 
sufficient combustion time. 

. Avoiding the use of oil or 
grease-coated scrap, or using 
degreasing equipment. 

. Using gas burners or electric 
igniters during light-up time. 
The cupola bottom can be 
heated to much nearer the de- 
sired melting temperature and 
there will be less arching of 
the coke bed than would be 
the case if wood were used for 
ignition. 

. Adding lead pigs to the ladle 
rather than charging into the 
cupola when melting bronze 
alloys. 


Control Equipment for Cupolas 


In addition to these basic opera- 
tional changes, foundrymen are 
adopting collection equipment of vari- 
ous degrees of efficiency according 
to local requirements. Some of these 
are as follows. 


Simple Spray Washer 


A simple spray washer consists of 
a cylindrical steel shell having a cross- 
sectional area at least twice that of 


the cupola stack, and mounted at the 


top of the cupola with a nonclogging 
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water-spray nozzle located just below 
the top of the shell, as shown in Fig. 
1. Greater efficiency can be obtained 
by installing two spray nozzles, one 
below the other. 

A drain pan mounted below the 
cylindrical collector shell collects the 
washer spray water and the entrained 
dust for return to the settling tank, 
normally located at ground level. The 
flow of hot gases through the collector 
shell puts cooling air through the 
opening between the drain pan and 
the collector shell. 

The successful design of one cupola 
installation may produce disappoint- 
ing performance on another cupola 
having the same outward size and 
characteristics, dué to the many vari- 
ables in cupola gas conditions and the 
wide range of solids emitted. 


Improved Cupola Gas Washer 
With Cone 


For more effective air-pollution 
control, and at moderate increase in 
cost, the improved washer type may 
be installed. This improved wet cu- 
pola-gas washer is equipped with a 
steel cone over which the water is dis- 
charged in a spray or curtain, as 
shown in Fig. 2. The area between 
the cone and the shell should be 2 to 
1 times the area of the cupola stack 
so as to allow the passage of dust- 
bearing gases at reduced velocity 
through a curtain of water spray. 
This permits the water to contact the 
exhaust gas, making it possible to 
wash out and collect practically all 
the coarse and part of the fine par- 
ticulate matter. While the opacity of 
the stack discharge is not reduced to 
any great extent, a greater degree of 
collection efficiency has been ob- 
tained. 

A circular ring baffle or deflecting 
ring (Fig. 3) inside the top of the 
collector shell removes water droplets 
and entrained solids. Within limits, 
the more water used in this type 
washer, the greater the efficiency. 


With correct operational procedures 
and safeguards, such as interlocks be- 
tween the water supply and the blow- 
er, maintenance costs on this type of 
equipment should be quite reasonable. 

Design of this type collector makes 
it extremely difficult to conduct nec- 
essary tests to determine the effective- 
ness of the collector in accordance 
with accepted procedure. The wide 
discharge opening permits the gases 
to be emitted at velocities as low as 
200 to 300 fpm., with no positive di- 
rection. 
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Fig. |. Schematic diagram of simple spray 
washer for cupola dust collector and auxili- 
ary equipment. 

One series of tests on 2 improved 
cupola-gas washers is shown in Table 
I. Screen analysis of collected solids 
indicated good collection of large 
(above 44 ») material. 


The manufacturer of this equip- 
ment guarantees to remove down to 
0.7 lbs./1000 lbs. of gases. If an 
adapter is used as shown in Fig. 4, 
the wet cap can be connected to a 
wet collector. With such a system, 
the manufacturer guarantees to re- 
move down to 0.3 lbs./1000 lbs. of 
gases provided the cupola is operated 
under conventional conditions as de- 
scribed in the AFS handbook The 
Cupola and Its Operation. 


The advantage of the arrangement 
is that the investment in the simpler 
equipment is retained if the code un- 
der which a plant operates becomes 
more severe. 


Dry Mechanical or Centrifugal 
Collectors 


Dry mechanical or centrifugal col- 
lectors provide a degree of control 
from cupola gases comparable to boil- 
er fly-ash installations. Depending 
on design and pressure drop, removal 
efficiencies can be high in the dust 
fractions as low as the 5 to 10 » range. 

Installations, like other high effi- 
ciency collection systems, require cap- 
ping of cupola, cooling the hot gases, 
installation of induced draft fan, and 
control system to open caps in case 
of system or utility failure. 

Advantages include effective col- 
lection of particles in the public nui- 
sance range; dry removal of solids 
which eliminates corrosion problems; 
adaptability to future fume and smoke 
removal by addition of a final cleaner 
of fabric or electrostatic designs. 


High Efficiency Centrifugal 

The high efficiency dry multiple 
centrifugal collector (Fig. 5) has re- 
cently been developed for application 
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Fig. 2. Cupola stack equipped with im- 
proved cone-type gas washer. 
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Fig. 3. Diagrammatic sketch of improved 
gas washer shown in Fig. 2. 








Fig. 4. Adapter on stack washer for future 
connection to wet collector. 
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TABLE | 
Test Data for Emission From Two Improved Cupola-Gas Washers 





Dust Concentrations in Effluent Gases 


Dust emission 


rate, lb./hr. 


Gr./ft.* 


Lb. dust/ 
ton of metal 
melted 


Lb. dust/ 
1000 lb. gas 





84 
60 
59 
88 
88 





0.76 

0.58 

0.57 

0.76 5 
0.76 10.3 








to cupolas. There are several such 
installations in the Midwest. Per- 
formance data on full scale cupola in- 
stallations indicate removal of cinder 
and dust particles that would other- 
wise settle on the foundry roof and 
neighborhood, and the reduction of 
concentration in effluent gases to val- 
ues below those normally specified 
for boiler stack gases. 


Fabric Filters Collectors 


Where air pollution control ordi- 
nances are very stringent; or where 
foundry management has wanted to 
make provision now for a future 
stricter revision of an existing law; or 
where management has anticipated 
the future adoption of the strictest 
type of ordinance when no law of any 
kind is presently in effect, the fabric 
tube dust collector has been installed 
on many foundry cupolas. Fig. 6 
shows a schematic diagram of an 
Orlon tube collector on a typical cu- 
pola installation. 


Table III shows the performance 
data of this system installed on a 78- 
in. diam. cupola, lined to 54 in. 


Electrostatic Precipitators 


Electrostatic precipitators have been 
used successfully on both ferrous and 
non-ferrous cupolas but insofar as I 
know have not received wide accept- 
ance principally because of cost. Ef- 
ficiency is admittedly high. It has 
been used on both cold blast and hot 
blast cupolas. Fig. 7 shows an elec- 
trostatic precipitator connected to a 
cold blast cupola. 


Fig. 8 shows an electrostatic pre- 
cipitator connected to a hot blast cu- 
pola. It has been claimed that a hot 
blast system will pay for itself in a 
reasonable length of time because of 
the savings in, fuel and increase in 
production. 


Other Types of Equipment 


Foundrymen have also installed on 
cupolas slotted cone-type and vortex 
collectors. The venturi scrubber has 
now been developed for cupola ap- 
plications, 

In general, foundrymen are select- 
ing equipment types either on the 
basis of compelling ordinances or of 
anticipated ordinances. Many foun- 
dries have installed equipment in the 
interest of better community rela- 
tions. 


Control Equipment for Furnaces 


Open-hearth furnaces are gradually 
being supplanted by electric arc fur- 
naces in the foundry industry. Rather 
than spend money on collection equip- 
ment for open-hearth furnaces some 
managements prefer to change to elec- 
tric furnaces which require less ex- 
pensive control equipment and gener- 
ate less fume because oxidation is 
less. 

In the non-ferrous foundry indus- 
try, where crucible, barrel and kettle 
type furnaces and the like are used, 
little progress has been made in col- 
lection of emissions because of pro- 
hibitive costs. 

For example, in many non-ferrous 
shops a large number of small fur- 
naces is used. Because of the differ- 


TABLE II 
Performance Data for High Efficiency 
Dry Centrifugal Cupola System 
(Average of 9 Tests) 





Dust Loadings 


Exit Concentration 





Inlet Outlet 


Gr./ft.* Lbs./1000 lbs. 





Gr./scf. Lbs./hr. Gr./scf. 


Lbs. /hr. @ 500°F. gas 











0.94 267 0.22 





63.0 0.12 0.42 








NOTE: Compare exit concentrations to usual ASME acceptable loadings for boiler gases of 0.257 gr./ft.3 
@ 500°F. or 0.35 lbs./1000 Ibs. gas. Compare with revised Allegheny, Pa. Code for permissible cupola 


emissions of 0.50/1000 Ib. gas. 
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Fig. 5. High efficiency centrifugal collector 
installed on cupola. 




















Fig. 6. Flow sketch of continuous automatic 
cupola fume collection system. 
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Fig. 7. Cold blast cupola system. In this 
arrangement, gases originating in the cupola 
pass through downcomer to conditioner, then 
to electrostatic precipitator, fan, stack and 
atmosphere. 
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Fig. 8. Hot blast cupola system. In this ar- 
rangement, gases leave the cupola, pass first 
through the heat exchanger, then via down- 
comer to conditioner, to electrostatic pre- 
cipitator, fan, stack and atmosphere. 
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TABLE Ill 
Performance Data of a Fabric Tube 
Collector Installed on a 54in. 1.D. Cupola 





Ave. Vol. stack gases (cfm.) 
Ave. stack temp. — °F. 


Ave. Vol. stack gases @ 60°F. (cfm.) 


Dust concentration in cupola stack gr./scf. 


Process weight — lb./hr. 
Maximum allowable emission 
(L. A. County) lbs./hr. 
Ave. Wt. dust collected — lb./hr. 
in quencher 
in secondary cooler 
in dust collector 
Total 
Dust emitted from collector exhaust 
lb./hr. (thimble test) 





ent alloys being melted, the operation 
of the furnaces may be intermittent. 
some not being used more than once 
a week. If all are connected to a sin- 
zle collector, needless horsepower is 
used during furnace stand-by time. 
lf each furnace is connected to its 
own collector; equipment, space and 
cost may be prohibitive. 


Foundrymen have installed conven- 
tional wet collectors, orifice scrubbers 
and bag filters on electric furnaces. 
The first 2 types show an efficiency 
on electric furnace fume of between 
70 to 80%. Where bag filters have 
been used, there are no visible solids 
in the effluent. 


Phosphorizing of Copper 


When molten copper is inoculated 
with white phosphorus, dense clouds 
of phosphoric acid anhydride (P.0;) 
are given off. Because the anhydride 
is very hygroscopic and is often used 
for drying gases, it would seem that 
a wet-type collector would do a satis- 
factory job of fume collection. How- 


ever, foundries engaged in the manu- 
facture of phosphor copper have 
found it necessary to pass the fumes 
through a wet scrubber followed by 
electrostatic precipitation in order to 
obtain satisfactory collection and 
minimize corrosion. 


Inoculation of Iron with Magnesium 

Nodular iron was formerly made 
by inoculating iron with magnesium. 
During the inoculation process there 
is a sudden and violent generation of 
large amounts of iron and magnesium 
oxide, because the reaction is exo- 
thermic. Magnesium yields on burn- 
ing about 11000 Btu./lb. Normally 
as much as 25 lbs. of magnesium/ton 
of iron are used, the volatilization 
loss of magnesium being as much as 
97%. 

In order to reduce the amount of 
resulting air pollution, foundrymen 
now inoculate iron with a nickel-mag- 
nesium alloy in an inert atmosphere 
of argon. This method results in an 
almost complete elimination of metal 
fumes and melting losses. 


The Carbon Dioxide Process 


More and more foundrymen are 
adopting the carbon dioxide process 
as a method of hardening cores and 
molds. In this process carbon-dioxide 
gas is introduced into the mold or 
core made from a mixture of sand 
and water glass (Na. SiO3). This 
results in the precipitation of silica 
in the form of a gel and produces im- 
mediately stiffening or setting of the 
adhesive. The chemical reaction can 
be expressed by the following equa- 
tion (as an approximation only) : 


Na» SiO; — H.O + CO. —~- 
Nas CO; ot Si 0. a H.O 


The process replaces the customary 
method of baking cores and molds 
in ovens thereby completely elimi- 
nating not only the ovens but the 
fumes emitted from their stacks. 


The foundry industry has passed 
from an art to a science, and foun- 
dry research is constantly going on. 
New methods and materials are be- 
ing sought which will not only im- 
prove the product but will also con- 
trol or eliminate air pollution. This 
is a wise approach since collected 
foundry effluents have no market val- 
ue and collection equipment is a non- 
productive investment. 


However, since melting with cu- 
polas is the cheapest way, it will be 
a long time before they will be sup- 
planted by melting methods, emis- 
sions from which are lesser or cheap- 
to control. Meanwhile, foundrymen 
must continue to select cupola collec- 
tion equipment most suitable for their 
requirements. 





Versatility of Oxidation Catalysts 


For 


Industrial Air Pollution Control* 


The principle of catalytic oxidation 
for controlling odors and visible emis- 
sions from various industrial proc- 
esses is well known among authorities 
on air pollution. Numerous papers 
on the subject have already been pub- 
lished, of which several were pre- 
sented at previous meetings of the 
Air Pollution Control Association". 
Consequently, for the purpose of this 
paper, it suffices to state that catalytic 
oxidation is a combustion process 
which offers certain advantages over 
other methods of combustion in terms 
of efficiency and temperature require- 
ments for oxidizing contaminants ex- 
hausted from industrial stacks. 


Generally speaking, catalytic in- 
stallations are usually associated to 
waste gases which are relatively free 
of so-called catalyst poisons, such as 
metallic oxides and other non-com- 
bustible contaminants. Specifically, 
in applications to industrial drying 
ovens for paint baking, wire coating, 
investment casting, and others, the 
effluents are found to be composed es- 
sentially of a mixture of air and pure 
hydrocarbons or other gases which 
can be oxidized completely to CO, 
and H.O. It would be erroneous, 
however, to believe that catalytic oxi- 
dation must be limited to these simple 
and ideal applications. The problem 
of catalyst contamination can, in 
many cases, be resolved through en- 
gineering and the use of appropriate 
catalytic elements. The purpose of 
this paper is to discuss a number of 
successful cases where catalysts are 
being used in the presence of materi- 
als generally believed to be deterrents 
to catalytic oxidation. 


* Presented at the 50th Annual Meeting 


of the Air Pollution Control Association 
held at St. Louis, Mo., June 2-6, 1957. 
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J. H. HOUDRY and C. T. HAYES 
Industrial Division 
Oxy-Catalyst, Inc. 


Wayne, Pennsylvania 


In order to best understand the 
logic behind the design and operating 
conditions, it is necessary to analyze 
briefly the phenomenon of catalytic 
oxidation. It is generally accepted 
that the combination of molecules of 
the combustible gases and oxygen 
takes place at the surface of the 


Fig. |. Cross section of Oxycat. 


catalyst. The rate at which this phe- 
nomenon occurs determines the ac- 
tivity of the catalyst. The physical 
and chemical characteristics of cata- 
lytic surfaces have an important bear- 
ing on the relative activity or rate of 
reaction of different catalysts. Rec- 
ognizing this basic fundamental, it 
is obvious that to realize a successful 
catalytic oxidation reaction, the fol- 
lowing factors must be considered: 


(1) Precautions must be taken 
to minimize deposits on the 
catalytic surface, or clog- 
ging, in order to maintain 
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contact with the molecules 
of combustible gases and 
the oxygen. 

The catalytic agent must be 
extremely active and applied 
uniformly to the carrier. A 
deposit or coating is less apt 
to hinder the reaction-on a 
very active catalyst surface 
than on one which is less 
active. 

The catalytic element must 
be designed in such a way 
as to permit an even and 
equal flow over the catalyst 
surface and through the 
bed. If there is an entrain- 
ment present in the stream, 
there is less chance of clog- 
ging and contamination by 
maintaining equal velocity 
and even distribution of the 
gas flow. This also mini- 
mizes the problem of ero- 
sion of the catalyst surface 
since this condition can oc- 
cur when the catalyst sur- 
face is exposed to an exces- 
sive gas velocity when the 
gas contains abrasive par- 
ticles. 

From the above, it is clearly dem- 
onstrated that the role of the catalyst 
itself in resisting contamination or 
poisoning cannot be overemphasized 
As stated above, a very active and 
stable catalyst is able to withstand the 
presence of contaminating agents far 
more efficiently than one which is less 
active. By actual experimentation 
and in commercial installations, it 
has been shown that one catalyst will 
function satisfactorily for several 
thousand hr.; whereas, another form 
of catalyst will be poisoned in a mat- 
ter of a few hr. under the same con- 
ditions. It is extraordinary to note 
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Fig. 2. Flow patterns for particulate matter. 


that the difference in the behavior of 
catalysts can be so great when the 
catalysts are composed of the same 
basic elements but of different prepa- 
ration or configuration. The correct 
proportion of the chemicals and met- 
als which enter into the preparation 
of the catalytic agent is vital to ob- 
tain optimum catalyst activity. Equal- 
ly important is the design of the cata- 
lyst carrier. 


The catalytic element used on the 
installation described herein is what 
is commercially known as the Oxycat. 
In the composition and design of this 
element, detailed consideration has 
been given in the preparation of this 
catalyst to obtain the desired charac- 
teristics already described. 


Fig. 1 shows a cross section of one 
of these elements. It consists of 2 
porcelain end plates holding in place 
71 porcelain rods evenly staggered in 
the unit. The unit measures 514 in. 
long, 334; in. high, and 3 in. wide. 
The rods are spaced at approximate- 
ly 4 in. intervals. This permits pas- 
sage of solid particles up to 5p» in. 
through the bed without clogging. 
The rods are also streamlined in the 
form of neutral air foil to reduce tur- 
bulence, thereby minimizing back 
pressure and assuring a maximum 
surface contact with the gas stream. 
An equally important factor is the 
theoretical behavior of aerosols and 
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other small particles in passing over 
an air foil section. Whereas such 
particles would normally impinge on 
the surface, due to the teardrop design 
they flow in a pattern similar to the 
gas molecules and pass over the sur- 
face without impinging (Fig. 2). 


The catalytic agent of the Oxycat 
is a combination of platinum and 
alumina. The proportion of platinum 
and alumina used is a result of an ex- 
tensive study and research program. 
Eliminating 1 of these elements, or 
changing the proportions to any de- 
gree, will radically reduce the activity 
and durability of the catalyst. The 
porcelain used in the carrier is a high 
grade spark plug-type which was se- 
lected because of its strength, chemi- 
cal inertness, and resistance to high 
temperatures. The design and com- 
position of the Oxycat permits oper- 
ating temperatures as high as 1800°F 
which, in itself, is a feature that has 
greatly extended the possible fields of 
application. The configuration and 
dimensions of the Oxycat enable the 
stacking of these units side by side 


Fig. 3. Oxycat bed. 


and in layers to form catalytic beds of 
any size (Fig. 3). 


The first installation under consid- 
eration is one in which a resinous 
binder is applied to rock wool or 
Fiberglas. The material is then in- 
troduced into an oven where the bind- 
er is cured. In this curing operation, 
resinous materials are emitted which 
create an air pollution problem. The 
oxidation of these combustible resi- 
nous contaminants can readily be ac- 
complished by catalytic oxidation. 
However, entrained in the exhaust 
stream, there are threads of the rock 
wool or Fiberglas which can cause 
plugging of the oxidation catalyst. 
A schematic flow diagram of this in- 
stallation is shown in Fig. 4. 


After passage through the exhaust 
fan, the effluent is heated by means 
of the preheat burner and passed 
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through the Oxycat bed. Between the 
preheat burner and the catalyst bed, 
2 stainless steel screens are installed 
in series to take out the major part 
of the entrained threads. These 
screens have been constructed so that 
they are easily removed for cleaning. 
The screens are located after the pre- 
heat burner since, at this point, the 
combustible contaminants are in a 
vapor state and readily pass through 
the screens; therefore, the deposit is 
accumulated on the screens as dry 
Fiberglas material which is easily re- 
moved. However, a certain percent- 
age of the threads do pass through 
these screens but the design of the 
Oxycat allows passage of most of the 
remainder of the material. In actual 
installations, it has been found that 
there may be sufficient accumulation 
of fibers on the catalyst to necessitate 
cleaning the catalyst every 2 or 3 
months. Other forms of catalyst 
would become ineffective in a matter 
of days. The elements here, how- 
ever, can be cleaned without being 
removed by blasting compressed air 
through the bed. For this reason, it 
is desirable to design the catalyst 
chamber so that the catalyst bed is 
readily accessible either for removal 
or cleaning. 


A second application is in connec- 
tion with catalytic cracking plants. 
Catalytic cracking is a process which 
has been widely adopted by the oil 
industry to make high octane gaso- 
line. The gases from the regenerator, 
which are the waste gases, are rich 
in combustibles containing anywhere 
from 3% to 8% of CO, plus some 
hydrocarbons. At first glance, this 
seems like an ideal application for 
catalytic oxidation. However, the 
gases, in addition to the combustibles, 
contain varying amounts of cracking 
catalyst dust or beads which are com- 
posed essentially of special types of 
alumina and silica. These catalyst 
fines are not to be confused with the 
oxidation catalyst. They actually 
are small particles of cracking catalyst 
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Fig. 5. 


used in the catalytic cracking process. 
Cracking units are usually equipped 
with precipitators or cyclones which 
remove the major portion of the 
cracking catalyst carry-over before in- 
troducing the stream to an Oxycat 
system. Even with the most effective 
separators, a certain quantity of fines 
pass through the Oxycat bed. The 
physical characteristics of the Oxycat 
permit passage of the fines without 
adherence to the surface but the ex- 
tremely abrasive nature of these fines 
demands careful precautionary meas- 
ures against erosion of the catalyst 
surface. The design of the catalyst 
carrier makes possible an even flow 
through the bed and, consequently, 
the velocity of the gases can be 
maintained comparatively constant 
throughout the various sections of 
the catalytic mass. Erosion is, there- 
fore, solved by engineering the in- 
stallation to realize an even and low 
velocity of the gases over the catalytic 
surface. These installations are de- 
signed for a maximum rate of flow of 
25 ft./sec. 


Fig. 5 shows a typical analysis of 
gas stream. Since the gases from the 
regenerator are deficient in oxygen, 
air must be added to supply the oxy- 
gen for complete combustion of the 
CO and hydrocarbons. After mixing, 
the gas and air mixture may necessi- 
tate preheating to reach a minimum 
temperature of 650°F. which is the 
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temperature required in this particu- 
lar application for the catalytic reac- 
tion to occur. The preheating is nor- 
mally accomplished by line burners 
using refinery gas or oil as fuel. Fol- 
lowing mixing and preheating, the 
gas stream enters the catalyst cham- 
ber through an inlet designed to dis- 
perse the stream uniformly through- 
out the bed. The catalytic oxidation 
reaction results in a temperature rise 
of 600°-900°F., bringing the final 
temperature of the gas stream emerg- 
ing from the catalyst to 1300°-1600°F. 
This gas is then introduced into a 
waste heat boiler (Fig. 6) to gener- 
ate steam required to operate the cata- 
lytic cracking unit or other equip- 
ment. The heat that can be generated 
from oxidizing the waste gases from 
some of the larger units is sufficient 
to raise as much as 300,000 lb. of 
steam/hr. The pay-off in terms of 
fuel recovery is extremely attractive 
—often less than 2 years, depending 
on local fuel costs. There are several 
installations of this type throughout 
the country, one of them having been 
on stream for over 2 years without 
any evidence of erosion or reduction 
in catalyst activity. While these in- 
stallations are primarily for heat re- 
covery, they also eliminate the ob- 
jectionable plume which is usually as- 
sociated with cat crackers. 


The third example under discus- 
sion is one which is applied to car- 


184 


BURNERS 


FORCED- DRAFT 
FAN 


Fig. 6. 


bon black manufacturing processes. 
These processes have tail gases which 
contain large quantities of combusti- 
bles. Entrained carbon black creates 
a considerable air pollution problem 
which may be the motivating force 
for such an installation. There, again, 
the economics are so attractive that 
these installations can also be justi- 
fied for heat recovery alone. The 
heat generated is used to produce 
steam and can also be used to preheat 
the fuel from which the carbon black 
is made. A typical analysis of this 
tail gas is shown in Fig. 7. 


You will note the high hydrogen 
and carbon monoxide content of these 
gases along with the lesser quantities 
of other combustibles. Fig. 8 shows 
the flow in such a system. Since the 
gases in this operation are deficient 
in oxygen, air is added to supply the 
oxygen required for catalysis. It is 
necessary to preheat this mixture since 
the waste gas is received at a tempera- 
ture of approximately 300°F. The 
addition of air, of course, reduces 
this temperature somewhat. Experi- 
ence has shown that a temperature of 
approximately 600°F. entering the 
Oxycat bed is required to maintain 
catalytic activity of these gases with 
the entrained carbon black. This is 
accomplished initially by means of 
the preheat burner installed on the 
upstream side of the Oxycat bed. 
After preheating to 600°F., the com- 
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bustible vapors are oxidized within 
the Oxycats and a temperature of ap- 
proximately 1600°F. is realized 
emerging from the catalyst. Some 
oxidation of the particulate carbon 
black is also achieved. However, 
there is no evidence to indicate that 
this is a catalytic reaction. It is mere- 
ly the oxidation of carbon black due 
to its contact with a hot surface; in 
this case, the Oxycat. While virtually 
complete elimination of the combus- 
tible vapors is achieved in the cata- 
lyst, only about 40% oxidation of 
the carbon black is effected. To in- 
crease the efficiency of carbon black 
oxidation, checkerbrick is provided 
following the catalyst bed which, of 
course, assumes the stream tempera- 
ture of approximately 1600°F., and 
presents a hot surface to complete the 
oxidation of carbon black. Continu- 
ous operation without the necessity 
of adding supplementary heat to 
increase the inlet temperature from 
300°-600°F. can be achieved by re- 
circulating a portion of the gases 
after catalysis and combining them 
with the tail gas/air mixture. 


This is another case where the cata- 
lyst bed must be capable of long op- 
eration under high temperatures and 
other severe operating conditions. A 
very active catalyst is necessary to 
obtain an homogeneous catalyst skin 
temperature sufficiently high to burn 
almost instantaneously the carbon 
which deposits on the surface. A slow 
rate of burning would result in a 
build-up of carbon which would keep 
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the molecules of gas from entering 
into contact with the catalyst surface 
and eventually kill the reaction. 


The fourth example is one in which 
the tail gases from a phthalic anhy- 
dride process are catalytically oxi- 
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dized to eliminate an air pollution 
problem. ‘These gases are at a low 
temperature and contain relatively 
small amounts of combustible mate- 
rials which are, nevertheless, ob- 
noxious. The carbon monoxide pres- 
ent in the stream represents the larg- 
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est quantity of combustibles. CO, in 
itself, does not appreciably add to the 
air pollution problem. The main of- 
fenders are the other contaminants; 
phthalic anhydride, maelic anhy- 
dride, naphtha quinone, and formal- 
dehyde. The formaldehyde generally 
is the one that is most objectionable 
to the average person. In this type 
of installation, oxidation is achieved 
at a catalyst inlet temperature of ap- 
proximately 650°F., the outlet from 
the catalyst being approximately 
750°F, The difference is achieved by 
oxidation of the combustibles. The 
carbon monoxide is a material con- 
tributor to this 100°F. increase. A 
flow diagram of such an installation 
is shown in Fig. 9. In this system, a 
portion of the preheat requirements 
for the catalyst bed are obtained by 
the use of a heat exchanger. Another 
interesting engineering feature is the 
provision for returning a portion of 
the preheated gases back to the sys- 
tem to increase temperatures of the 
waste gas to a minimum of 225°F. 
This is necessary to prevent corrosion 
of the heat exchange surface due to 
the acids present in the stream. Here, 
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again, the catalyst must be designed 
to withstand long operation without 
a reduction in catalyst activity. The 
gases usually contain aerosols as well 
as some iron oxide and sulfates re- 
sulting from the highly corrosive ef- 
fect of the gases on the system. Unless 
the catalyst has a very high activity 
level, these contaminants are sufficient 
to reduce the efficiency of the system 
in a very short time. Oxycats have 
functioned on a typical phthalic an- 
hydride waste gas stream for 2 years 
without appreciable reduction of ac- 
tivity or necessity of cleaning even 
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though inspection of the bed after 18 
months showed evidence of the 
penetration of the aerosols and a de- 
posit of iron sulfate. For this and 
most applications involving complex 
gas streams, the catalyst should not be 
exposed to the stream below operating 
temperature. The catalyst surface can 
be damaged by an excess of con- 
densible deposits, such as resins and 
other carbonaceous materials. This 
condition is easily avoided by using 
a damper arrangement and by-passing 
the catalyst until the system has 
reached a minimum temperature. 
The use of oxidation catalysts for 
air purification is not new but much 


progress has been made with refer- 
ence to applying the principle for in- 
dustrial use. New avenues are con- 
stantly being explored and, as dem- 
onstrated, many industrial odor prob- 
lems caused by organic or combusti- 
ble contaminants are being solved 
catalytically, regardless of the com- 
plexity of the process streams, through 
proper engineering and application. 
Before these new techniques were de- 
veloped, such installations were often 
considered impractical due to exces- 
sive costs as a result of frequent cata- 
lyst replacement and other operating 
difficulties. Air pollution control 
equipment can only be successful if 


designed and built to operate with 
the same efficiency and reliability as 
other plant equipment. 
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Sources and Control of Sulfur-Bearing Pollutants*— 


HARLAN W. NELSON and CARL J. LYONS 


Gaseous sulfur-containing _ pollu- 
tants were early recognized as unde- 
sirable contaminants of the atmos- 
phere, giving rise to damaging effects 
to man, animals, vegetation, and 
structures. It was not difficult to de- 
termine some sources of these pollu- 
tants, and significant improvements 
have resulted from adoption of tech- 
nological countermeasures. Progress 
has been greatest for industries where 
the concentrations of sulfur com- 
pounds in waste gases is highest, such 
as smelters, and where it has been 
found that the recovered by-products 
can pay their way. Less progress has 
been made in combatting the effluent 
problem of sulfur compounds result- 
ing from the combustion of fuels, 
where the concentration of sulfur 
compounds in the stack gases is low 
but where the total amount emitted is 
largest. 


It was estimated!) in the mid 
1940’s that almost 40 million tons of 
sulfur were being emitted annually 
into the world’s atmosphere from the 
combustion of coal, the smelting of 
ores, and the production and con- 
sumption of petroleum and natural 
gas. This amount must now be ex- 
ceeded by a significant margin, since 
the world production and consump- 
tion of the raw materials concerned 
has increased, and since there is some 
evidence that the average sulfur con- 
tent of fuels is also increasing. Al- 
though the volume of sulfur com- 
pounds, chiefly sulfur dioxide, repre- 
sented by this release of sulfur is enor- 
mous, the volume of air in the atmos- 
phere is so much larger that there is 
little danger of raising the average 
concentration of sulfur dioxide to a 
level detrimental to man or his en- 
vironment if uniform dilution were 
possible. It is in the special circum- 
stances of sulfur emission where 
higher concentrations are brought 
about by reason of geographical and 
meteorological conditions that detri- 
mental effects are observed. Also, the 


* Presented at the 50th Annual Meeting of 
the Air Pollution Control Association 
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sulfur dioxide does not remain in the 
air but reaches the earth eventually in 
other forms. 


Sulfur-Containing Pollutants 


Sulfur dioxide, sulfur trioxide, and 
hydrogen sulfide are the three princi- 
pal sulfur-containing pollutants. Hy- 
drogen sulfide is listed here as a pri- 
mary pollutant, although it usually is 
burned to form sulfur dioxide and 
water vapor before being vented to 
the atmosphere. In addition, a va- 
riety of other sulfur-containing organ- 
ic compounds are emitted to the at- 
mosphere, such as mercaptans, but 
these represent but a, minute fraction 
of the total. The high odor level of 
these substances in the immediate lo- 
cation of the plant, even though the 
actual concentration is low and has 
no toxic effect on man or his environ- 
ment, places such substances in the 
classification of a nuisance. 

By far the greatest proportion of 
the sulfur compounds emitted to the 
atmosphere is in the form of sulfur 
dioxide. This form is produced from 
the smelting of ores of metals such as 
zinc, lead, copper, and nickel, from 
the combustion of gases from refinery 
and natural gas waste products, and 
from the combustion of oil and coal. 
The effects of sulfur dioxide on vege- 
tation, on the corrosion and disinte- 
gration of structural materials, and 
on the physiological effects on man 
have been under investigation for 
many years. In low concentrations, 
up to 0.10 to 0.20 ppm., there appears 
to be no adverse effects of sulfur di- 
oxide on plants and vegetation. In 
fact, in certain instances, there may 
be a beneficial effect resulting from 
its presence since sulfur dioxide sup- 
plies sulfur essential to plant growth. 
At concentrations of 0.25 to 0.40 ppm. 
and above, sulfur dioxide can be in- 
jurious to vegetation. 

Corrosion of materials and struc- 
tures as a result of exposure to gases 
containing sulfur oxides is an asso- 
ciated factor. This is apparent in in- 
plant structures which are subjected 
to significant concentrations of the 
oxides. Damage to cloth materials 


and clothing has also been cited as 
one of the more subtle aspects of the 
disintegrating effect of sulfur oxides 
present in the atmosphere of some 
dwelling areas. Corrosive damage of 
this kind can be appreciable in mu- 
nicipalities located in areas where 
geographical and meteorological con- 
ditions are unfavorable to the disper- 
sion of industrial waste gases and 
combustion products. 

The physiological effect of sulfur 
dioxide and its oxidation products on 
human beings is centered on the ir- 
ritating effects produced in the respir- 
atory system. The lowest detectable 
odor level for sulfur dioxide is about 
3.5 ppm., and the tolerable limit for 
prolonged exposure is about 10 ppm. 
It will be noted that the levels men- 
tioned are far above the levels of tol- 
erance for growing vegetation. Hence, 
if measures are taken to avert dam- 
age to plants, man is also effectively 
relieved of adverse effects. To sum 
up, the limits of concentration for 
sulfur-containing gases for prolonged 
exposure by man have been stated to 
be about 10 ppm. for sulfur dioxide, 
1 ppm. for sulfur trioxide, 2 to 10 
ppm. for sulfuric acid, and 20 ppm. 
for hydrogen sulfide. McCabe‘) has 
recently discussed these factors in a 
review of the significance of sulfur 
dioxide as a pollutant material. 

With the formation of sulfur di- 
oxide in combustion processes, a 
small quantity of sulfur trioxide is 
also formed. Of the total sulfur oxi- 
dized, less than 10% may be oxidized 
to SO; and the SO; is usually of the 
order of 1% of the sulfur dioxide 
present. This sulfur trioxide may hy- 
drolyze in the atmosphere to produce 
sulfuric acid mist. The particle size 
of the sulfuric acid mist varies from 
0.5 to 6 » depending upon the amount 
of water vapor present. It has been 
reported that an aerosol containing 
1600 particles/cm.* of 0.5 » diam. 
will reduce visibility to 3 miles), 
Studies by Gerhard and Johnstone‘? 
indicate that sunlight induces oxida- 
tion of SO2 to SO;. This phenome- 
non adds to the severity of the pollu- 
tion effects by sulfur dioxide. 
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Sources of Sulfur Emissions 


The principal sources of sulfur 
contaminants in the atmosphere, in 
order of decreasing amounts are as 
follows: 

(1) The combustion of coal. 

(2) The production, refining, 
and utilization of petroleum 
and natural gas. 

(3) Industries making and using 
sulfuric acid. 

(4) The smelting and refining of 
ores, principally copper, 
lead, zinc, and nickel. 

Fig. 1 presents estimates of sulfur 
emitted to the atmosphere of the 
United States from the four sources 
outlined above. In general, those in- 
dustrial operations emitting the least 
sulfur to the atmosphere are those in 
which the sulfur dioxide concentra- 
tion in the waste gases is also the 
highest. Thus, the combustion of coal 
is responsible for the heaviest con- 
tamination of the atmosphere by sul- 
fur dioxide although the sulfur di- 
oxide concentration in the effluent 
gases from this process is the lowest 
—less than 1%. 

Table I presents the sulfur content 
of various mineral fuels, both raw and 
refined. The maximum allowable 
concentrations of sulfur in the light 
refined fuel oils, gasoline, diesel oil, 
liquefied petroleum gases and natural 
gas distributed by utilities is defined 
by standards set by government and 
industry. The sulfur content of coal 
and heavy fuel oil is subject only to 
agreement by buyer and seller. In a 
few instances, however, the maximum 
sulfur contents of fuel burned within 
certain geographical areas are limited 
by law. 


Tote! emissions 


From combustion of coo! 


From natural ges and petroleum, 
production, refining, use 


From ameiting opertions 


Suitur, mithon short tons per year 
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From industries mating 
nd using H2S0q ond S 


Fig. |. Estimated emission of sulfur in the 


atmosphere, in the United States, 1953 
(After McCabe). 

















Since the combustion of coal is re- 
sponsible for the largest pollution of 
air by sulfur-containing materials, it 
is of interest to review the forms of 
sulfur in coal. Sulfur is present in 
coal in varying amounts, ranging 
from a trace to as much as 10% or 
more in extreme cases, Although the 
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TABLE | 


Sulfur Content of Some Mineral Fuels 





Type of fuel 


Sulfur, % by weight 





Solid 

Bituminous coal 
Common range 

Anthracite 
Metallurgical coke 
Wood 

Liquid 
Crude petroleum 
Fuel oil, No. 6 
Fuel oil, No. 2 
Diesel oil, 1-D 
Gasoline 


Gaseous 
Liquefied petroleum gas 
Manufactured gas 
Natural gas 


0.3-6.0 
0.7-2.0 
0.6-1.0 

1.0 
Negligible 


0.2-1.7 
0.3-3.0 
1.0 (max. specification) 
0.5 (max. specification) 
0.01-0.4 


0-25 gr./100 ft.* 
2-10 gr./100 ft.* 
0-10 gr./100 ft? 





sulfur content of most prepared com- 
mercial coals will not exceed about 
2.5%, some of those used by power 
plants will contain as much as 6%. 
There does appear to be a trend to- 
ward increasing sulfur content in 
mined coal. 


The sulfur in coal does not occur 
in the free state, but is present in com- 
bined form with the coal substance 
and with mineral matter. That in 
combination with coal substances is 
referred to as organic sulfur. It can- 
not be separated by mechanical clean- 
ing processes. The proportion of the 
total sulfur in the organic form varies 
widely in different coals. 


The inorganic portion of sulfur in- 
cludes pyritic and sulfate forms. The 
sulfate sulfur may be present as cal- 
cium sulfate, or in weathered coals as 
ferrous sulfate which has been formed 
as a result of oxidation of the pyrite. 
The amount of the sulfate present in 
freshly mined coal is usually negli- 
gible, although appreciable percent- 
ages may be present in high sulfur 
coals that have been stored for some 
time. Pyritic sulfur is present as py- 
rite, FeS., or as marcasite which has 
the same chemical composition but 
differs in crystalline form. It is found 
as finely sized particles distributed 
throughout the coal substance, and as 
bands of various thickness along 
cleveage cracks and partings. Pyritic 
sulfur can, in some cases, be removed 
by cleaning operations. Thus, it is 
not uncommon to reduce the sulfur 
content of coals by as much as 25- 
35% by economically practical clean- 
ing procedures. 

When coal is carbonized to form 
metallurgical coke, approximately 
60% or more of the sulfur in the coal 
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remains with the coke which is then 
charged to a blast furnace or used in 
other operations. The smaller per- 
centage of the sulfur that does not 
remain behind with the carbon or 
coke appears in the gaseous products 
from the coke oven. In most modern 
coke oven plants, this sulfur is recov- 
ered along with the rest of the mate- 
rials from the carbonization process. 


As an example of the problem of 
pollution offered by a coal burning 
power plant, consider one which dis- 
charges 1,000,000 cfm. of flue gas 
having an average concentration of 
approximately 0.28% by volume of 
SO,. This represents an emission of 
roughly 190 tons/day of SOs. These 
figures indicate the magnitude of the 
problem when considering sulfur 
emission from coal-burning equip- 
ment. The fact that the concentra- 
tion of SOx in the effluent gas is con- 
siderably below 1% presents a chal- 
lenging technological problem in at- 
tempts to reduce sulfur emissions. 


The sulfur content of new crude pe- 
troleum discoveries in the United 
States and throughout the world is in- 
creasing. Improved refining proc- 
esses, particularly the use of catalytic 
cracking of oils instead of thermal 
cracking, serve to increase the yield 
of distillate products/barrel of crude, 
and also to alleviate some of the prob- 
lems associated with high sulfur 
crudes. In these newer processes, the 
high-boiling sulfur compounds con- 
tained in the feed oils are converted 
largely to hydrogen sulfide gas and to 
lower-boiling sulfur compounds. For- 
tunately, the concentration of hydro- 
gen sulfide in the refinery gases is 
sufficiently high, 3.5 to 7% on an 
average, that it can be removed eco- 
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TABLE II 
Example of Sulfur Balance for the Catalytic 
Cracking of a Gas Oil—(Feed stock: 2.5% sulfur, 25 API gravity) 





Cracked products 





| Distribution of sulfur, 


‘oO 


eke Wisi. Sctacavallies 





Raw gas products, C: — C, fractions 36* 
Raw liquid products: 
C; — 430 F gasoline 3* 
Light gas oil 11° 
Heavy gas oils to fuel 43 
Coke, burned in regenerator 7 
Total 100 
* Sulfur compounds are removed from these products. Data from Air Pollution Handbook, MeGraw- 


Hill Book Co., 1956. 


nomically from the cracked products. 

Table II presents a sulfur balance 
for a typical catalytic cracking opera- 
tion. 

From the distribution in Table II. 
it is seen that almost 40% of the sul- 
fur in the feed stock will be contained 
in the gaseous products from the re- 
finery. This sulfur, in the form of 
hydrogen sulfide, can be recovered 
economically. 

It should be noted that the amount 
of hydrogen sulfide released per bar- 
rel of crude is increasing even as ad- 
ditional catalytic refining processes 
are being installed. This trend has 
one promising feature, in that the 
quantities of H.S being produced in 
many refineries today are too large 
to permit flaring as SO2. As a result, 
there is an increasing trend towards 
the installation of plants to convert 
the HsS to elemental sulfur. This is 
a satisfactory solution to the problem 
both from a practical and economic 
standpoint. In population centers of 
the United States there were approxi- 
mately 17 refinery plants converting 
H.S gases to elemental sulfur in 
19564). For example, in the Los 
Angeles area, plants are recovering 
about 180 tons/day of sulfur which 
is equivalent to approximately 360 
tons of SQ.; 120 tons are being re- 
covered in the Houston area, and 165 
tons in the Philadelphia area. All 
told, it was estimated that beginning 
in 1956, approximately 1000 tons of 
sulfur were being recovered daily 
from sour gases of petroleum refin- 
eries throughout the United States. 

A typical example of the recovery 
of sulfur from petroleum refining op- 
erations is the plant of the McKee, 
Texas, Refinery of Shamrock Oil and 
Gas Corporation. This plant pro- 
duces sour gas at a rate of 1900 MM 
ft.3/day having a composition of 
H2S, 43.0% ; COs, 55.5%; and light 
hydrocarbons 1.5%. The gas is fed 
into the sulfur plant at 100°F. and a 
pressure of 3 lb./in.2 One-third of 
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the H.S is oxidized to SO. which is 
then reacted with most of the remain- 
ing H.S over a natural bulk site cata- 
lyst to form elemental sulfur. 

Sulfur emitted to the atmosphere 
from sulfuric acid making and using 
plants is usually in the form of SOs. 
The problems faced by this segment 
of the industry are similar to those 
brought about by burning coal. Thus, 
the concentration of SO, in the tail 
gases is so low as to be uneconomical 
to recover. 

Although the refining of ore, par- 
ticularly nonferrous smelters, results 
in the emission of much SO, into the 
atmosphere, these smelters are usually 
located remote from population cen- 
ters and contamination is a less seri- 
ous problem than it might be. Sulfur 
compounds are contained principally 
with sulfide ores of lead, zinc, copper, 
and nickel. Fortunately, there are 2 
possible means of reducing air pollu- 
tion by sulfur-containing compounds 
from smelting operations. First, it is 
possible to control the ore concentra- 
tion to a substantial extent so as to 
exclude much of the sulfur-bearing 
gangue. Secondly, successful proc- 
esses have been developed to make it 
possible to recover useful by-products 
— sulfuric acid and sulfur — from 
many of these plants. This latter pos- 
sibility exists because of the relatively 
high concentration of SO, in the ef- 
fluent gases, which usually range from 
1 to 6% or even higher. 


The Recovery or Removal of Sulfur 
From Effluent Gases 


The 2 principal gases containing 
sulfur for which means of recovery or 
removal from effluent gases are de- 
sired are hydrogen sulfide and sulfur 
dioxide. 


Removal of Hydrogen Sulfide 


Hydrogen sulfide is produced in 
the coking of coals and in petroleum 
refining operations, and is present in 
many natural gases. Many of the hy- 
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drogen sulfide removal and recovery 
plants have been installed for the spe- 
cial purpose of eliminating atmos- 
pheric pollution. 

A large number of processes for 
the removal of hydrogen sulfide from 
various gases have been developed 
over a period of the last 20 years. 
Two of these processes, the catalytic 
conversion process and the Girbotol 
process have been widely applied in 
recent years for sour natural gas and 
refinery gases. 


Catalytic Conversion Process 


This is a process currently being 
installed extensively to recover H2S at 
petroleum refineries. Fig. 2 shows a 
simplified flow diagram of the proc- 
ess. This process consists of convert- 
ing H.S to elemental sulfur by con- 
trolled combustion with air. Approxi- 
mately 14 of the hydrogen sulfide is 
burned to form SO, which reacts with 
the remaining %4 of the H.S to form 
sulfur and water vapor. The reac- 
tions are as follows: 


2 HS + 30, > 280, + 2H,0 
2 H.S 4. SO. - aSe oe bSe 
cSs + 2H,0 


The letters a, b, and c represent 
the number of moles of the various 
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Fig. 2. Flow diagram of catalytic conversion 
process for recovering H.S from waste gases. 


molecular forms of sulfur formed. A 
bauxite catalyst is used to promote 
further reaction of the H.S and SOx. 
The sulfur vapor is condensed and re- 
covered as liquid sulfur. 


Girbotol Process 


This process was first used in 1929 
and since has been installed in hun- 
dreds of plants. By this method, the 
raw gas is passed upwardly through 
the bubble-tray absorber solution. 
The absorbing solutions may be solu- 
tions of monoethanolamine or di- 
ethanolamine. The absorbent solu- 
tion then flows through heat exchang- 
ers to a second bubble plate tower or 
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(NH)SO, Orier Filter 


Fig. 3. Simplified flow sheet of ammonia 
process used at Trail, B.C., to recover SO» 
from smelter gases. 


reactivator, where the hydrogen sul- 
fide is stripped from the solution by 
steam. 

Other processes for the removal of 
hydrogen sulfide from effluent gases 
include the Thylox process, phenylate 
or Alkazid process, tripotassium phos- 
phate process, Seaboard process, and 
the iron oxide-drybox system. 


Removal of Sulfur Dioxide from 
Smelter Gases 


Only 1 physical method of recover- 
ing sulfur dioxide from effluent gases 
has been reported. Schnell‘) de- 
scribes a refrigeration process to re- 
cover SO. from roaster gas contain- 
ing 6.5 to 7.0% SO. Ammonia and 
sulfur dioxide are the refrigerants 
used to cool the waste gases after they 
have been compressed to a pressure of 
5.5 atmospheres. 

Chemical processes in which SO, 
in the effluent gases reacts with a liq- 
uid absorbent are most commonly 
considered for treating SO.-contain- 
ing gases, and much work of this type 
has been done. 

The use af aqueous ammonia to ab- 
sorb SO, from effluent gases has been 
investigated extensively. Essentially, 
SOz is absorbed by the following re- 
action: 

SO. -p 2NH3 a H,O ~~ 

(NH4) 2SOs 

SO. + NH; + H,0 > 

NH,HSO; 

Carbon dioxide associated with the 
SO, is not absorbed since the solution 
is acid, a pH of less than 5.5 usually 
being used. The absorbed SOz can 
be recovered by acidifying the solu- 
tion with sulfuric acid and steam 
stripping. This is the process used 
at Trail, British Columbia‘, where 
substantially 100% SOz is recovered 
from lead and zinc roaster gases. 
Fig. 3 shows a simplified flow sheet 
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" of the Trail process. Also, the solu- 


tion could be treated with sulfuric 
acid and heated under pressure in an 
autoclave to produce ammonium sul- 
fate and elemental sulfur. 

One serious disadvantage in the use 
of ammonia is the high vapor pres- 
sure of this material and its loss in 
the scrubber. However, it appears 
possible to reduce and control this 
loss to a minimum. Johnstone and 
West”) suggest the use of a cooling 
tower immediately ahead of the scrub- 
ber to cool the flue gases to their adia- 
batic saturation temperature. This 
coupled with the use of a multi-stage 
scrubber using solutions of less con- 
centrated ammonia as the gases are 
freed of SOs results in better effi- 
ciency of SQ. removal to reduce loss 
of ammonia. However, at the same 
time it does increase the capital in- 
vestment required for the recovery 
operation. At Trail, loss of ammonia 
is controlled by adjustment of the pH. 

The use of aromatic amines as ab- 
sorbents for sulfur dioxide has been 
studied extensively both in the United 
States and Germany. Dimethylana- 
line, diethylenetriamine, triethyltetra- 
amine, ethylamine, diethanolamine, 
and mixtures of pyridine, quinoline, 
isoquinoline, acrildine, aniline, xyli- 
dine with lactic acid, citric acid, gly- 
cerol, ethylene glycol, diethyl glycol, 
and water have been studied. Two 
processes using amines have been de- 
veloped on a commercial scale, the 
dimethylaniline process used by the 
American Smelting and _ Refinery 
Company at Selby, California‘®), and 
the xylidine or sulfidine process de- 
veloped in Germany®) using a sus- 
pension of xylidine or toluidine in 
water. In both processes the ab- 
sorbed SO. is recovered by steam 
stripping. Fig. 4 presents a simpli- 
fied flow sheet of the dimethylaniline 
process used at Selby. 

Because of the high vapor pressure 
of dimethylaniline and its low ab- 
sorption capacity for SO, at high tem- 
peratures, it is usually necessary 
when treating sulfur-containing gases 
to cool the gases to at least 85°F.; 
hence, a large cooling tower is re- 
quired. In addition, water which 
would form a complex with di- 
methylaniline must be removed be- 
fore scrubbing the SOQ.-containing 
gases. The absorption of SO, by di- 
methylaniline produces enough heat 
that arrangements must be made to 
cool the absorbent during scrubbing. 
At Selby this is done by intercoolers 
between bubble trays. 

The xylidine process was developed 
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by the Lurgi Company and was used 
at 2 plants in Germany. Upon ab- 
sorbing SQ., the absorbent becomes 
homogenous, changing from a suspen- 
sion of xylidine in water to a solu- 
tion. Xylidine has a greater absorb- 
ing capacity for SO. than does di- 
methylaniline when treating gases 
containing less than 1% SOs. The 
biggest disadvantage of xylidine 
stems from the auto-oxidation of dis- 
solved SO. to form a solid reaction 
product. With dilute gases this be- 
comes increasingly serious and solids 
may block the passages within the 
scrubber. The sulfate can be re- 
moved in a separate cycle as in the 
dimethylaniline process, but solid 
products are likely to form in the 
scrubber. 


The Removal of Sulfur Dioxide 


From Power Plant Gases 


Fig. 1 showed that the combustion 
of coal and heavy fuel oils represent 
the largest source of sulfur-contain- 
ing air pollutants. The concentration 
of SO, in the gases emitted from boil- 
er plants, the largest use of coal and 
heavy fuel oil, is less than 1% and 
usually of the order of 0.1 to 0.2% 
by volume. Thus, removal of SO, 
from these gases to control air pol- 
lution presents a challenging problem. 
In addition, much of the coal con- 
sumed in the U. S. is burned within 
or adjacent to large population cen- 
ters where the resulting contamina- 
tion of the atmosphere may be ob- 
jectionable. 

At the present time there is only 1 
process, installed at 2 power stations, 
in use for the treatment of effluent 
gases from large boilers burning coal. 
The process was first installed at the 
Battersea Power Station in London, 
and is termed the Battersea process. 
This installation and the one at the 
Bankside Station in London were put 
in as a result of public opinion in 
England in 1929 following a series of 
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Fig. 4. Simplified flow sheet of dimethyl- 
aniline process for recovering sulfur dioxide. 
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exceptionally severe smogs. The origi- 
nal Battersea installation treated the 
effluent gas from coal burned with 
an average sulfur content of 0.88% 
in such a fashion that only 9% of the 
sulfur escaped into the atmosphere. 
The process is relatively simple and 
takes advantage of the fact that the 
River Thames, which supplies the 
water for scrubbing the flue gases, al- 
ready contains most of the alkali that 
is required to neutralize the sulfur 
dioxide in the effluent gases. In ad- 
dition, the river carries away the 
product, calcium sulfate, in solution. 
Thus, use of the process was favored 
by natural conditions. 

Fig. 5 shows a flow sheet of the Bat- 
lersea process. Essentially, the flue 
vas is washed with a slurry of chalk 
(calcium carbonate) on grid scrub- 
bers; only enough chalk is added to 
the river water to maintain an alka- 
linity required to neutralize the SO, 
in the effluent gases. Crude manga- 
nese sulfate is added to the effluent 
to activate the oxidation of sulfide in 
the aeration tank. The solution from 
the scrubber passes to a settler and 
into an oxidizing tank before being 
sent to the river. At the present time 
the cost of this process is in the range 
of 12 to 15% of the cost of delivered 
coal. 

The Howden I.C.I. cyclic lime proc- 
ess was tried for a time at the Tir 
John Power Station in Swansea, 
Wales, England, and at the Fulham 
Power Station in London. Essential- 
ly, this is a cyclic process similar to 
that used at the Battersea Power Sta- 
tion except that in this process cal- 
cium carbonate is concentrated and 
discharged as a wet mud. The scrub- 
bing solution is essentially the same as 
used at Battersea, a slurry of the 
cheapest alkalis, chalk and lime. It 
has been estimated that use of the 
process would cost about 25% of the 
cost of the coal consumed at a large 
central station power plant. In this 
process as well as the one at Battersea 
the SO. is not recovered in saleable 
form. Most other development work 
has been directed towards processes 
which would yield a commercial prod- 
uct as an operating credit. 

The possibility of producing sul- 
furic acid, either concentrated or di- 
lute, directly from SO,-containing 
power plant gases has been investi- 
gated. Johnstone''’, as part of a 
long-range program on the removal of 
SO, from such flue gases, studied the 
catalytic oxidation of SO, absorbed 
in water to produce sulfuric acid. He 
found that iron and manganese in- 
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creased the rate ot oxidation of SOs 
in solution and that dilute sulfuric 
acid could be made. Although 40% 
acid was made for short periods of 
time, the action of the catalyst was 
soon inhibited by phenols and copper 
salts, Recent work!) has extended 
this study to include the use of ozone 
to oxidize the SO.. It was shown that 
flue gases containing 0.35% by vol- 
ume of SO. could be treated with air 
containing ozone and then scrubbed 
with a dilute solution of H,SO,. The 
cost of the ozone required/ton of re- 
covered H.SO, was estimated to be 
$5.00. 
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Fig. 5. Diagrammatic flow sheet of the Bat- 
tersea process for treating power plant 
gases. 


A zinc oxide regeneration process 
for possible use in power stations was 
developed at the University of Illinois 
by H. F. Johnstone?) and co-work- 
ers. Essentially, SO2-containing gases 
are washed with an aqueous solution 
of sodium sulfite and bisulfite, and 
the SO, is absorbed by the following 
reaction: 

SO. + SO;,— + H.,0 > 

2HSO;—. 
A portion of the bisulfite formed is 
recirculated, which accounts for the 
bisulfite in the absorbing solution. 

The SO,-containing solution is 
treated with zinc oxide to precipitate 
hydrated zinc sulfite, and the original 
solution is regenerated according to 
the equations: . 

ZnO a NaHSO, os 2% H.O - 

ZnSO; *21%4 H.O + NaOH 

NaOH aL NaHSO,, eed 

‘ Na.SO; + H.0. 

The addition of the zinc oxide re- 
sults in removing the SO. dissolved 
in the absorber as zinc sulfite, and, at 
the same time, restores the original 
sulfite to bisulfite ratio. The hydrated 
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zinc sulfite is filtered from the solu- 
tion, dried, and flash calcined. The 
gases evolved from the calcining con- 
sist of water vapor and SO,. The zinc 
oxide recovered is ready for reuse. 

The capacity of the absorbent, so- 
dium sulfite, is high and the solution 
has the advantage of having a neg- 
ligible vapor pressure of SO. at tem- 
peratures as high as 130°F. (54°C.) ; 
thus, it is not necessary to cool the 
flue gases before entering the scrub- 
ber and the loss of the absorbent 
comes only from spillage and han- 
dling. As in all processes in which 
SO. is absorbed into a solution, a por- 
tion, almost 10%, is oxidized to SO; 
and forms sulfate ions. These must 
be removed since they neutralize so- 
dium ions otherwise available for 
neutralizing absorbed SO.. To elimi- 
nate sulfate ions, a portion of the ef- 
fluent scrubbing solution is withdrawn 
from the main stream. Both fly ash 
and a portion of the sulfate in the 
main stream are withdrawn. This 
portion of the solution is treated with 
lime and SO, to precipitate calcium 
sulfate which is filtered from the 
treated solution. The solution free of 
calcium sulfate can then be sent back 
to the main stream of scrubbing so- 
lution. 


The process is complicated by the 
necessity for removing sulfate and has 
not been used in a full-scale plant. 


Efforts have also been made to 
adopt the Trail ammonia process for 
smelter gases to the scrubbing of the 
more dilute SOv,-containing gases 
from power plants. 

A modification of the Trail process 
for possible use at power stations is 
the Autoclave process. The SQp- 
containing gases are scrubbed with an 
ammonia solution, and the resulting 
SO.-containing solution is treated 
with H,SO, in an autoclave, produc- 
ing (NH,)2SO, and elemental sulfur. 


At present, none of the processes 
described appear to be economic for 
use with boiler plant stack gases. 

The authors recently made some 
estimates of the engineering require- 
ments for removing sulfur dioxide 
from a foreign power station burning 
coal containing 9% sulfur. This sul- 
fur content is considerably higher 
than coals known to be used in U. S. 
practice. The station under consid- 
eration burned 220,000 tons of coal 
year, which resulted in the emission 
of approximately 32,600 tons of SO. 
to the atmosphere, assuming a small 
loss of sulfur in the ash. With ap- 
proximately 20% excess air, the con- 
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TABLE III and coal producers have 
Comparison of SO: Recovery Process for Use at a Coal-Burning long argued that the use of 

Power Station—(Size of Station, 220,000 Tons of Coal/Year Containing 9% Sulfur) cleaned coal at the larger 
| power and utility plants 

ee — would lead, in the end, to 
—— | Xylidine* decreased outage and main- 
tenance costs. Lowering of 

the ash content is of chief 
consideration in this in- 
stance, but reduction of the 
sulfur content is also a con- 
sideration. However, it is 
generally the practice for 
these power plants to pur- 
chase coal on a basis of di- 
rect cost per unit heating 








Zinc Oxide 
Regenerative | 


Trail Autoclave | 








Investment 1,752,000 2,000,000 2,000,000 
Operating Cost/Yr. 965,000 1,688,000 1,917,000 
Products, tons/ Yr. 
Liquid SO, 26,300 26,300 26,300 
(NH,) SOx 37.200 39,200 
S 


5,500 
H.SO, 16,750 
Value of Products, 
1,558,000 


dollars/ Yr. 1,390,000 
Utilities 


8, 5,600 od 
ah eh /day Lsenbee 860,000 vil ue and of minimum 
Sida ide | 362,000 240,000 reight costs, in the convic- 

Chemicals Required,| | tion that the equipment can 
tons/day then produce steam at the 
lowest over-all cost. 


| 2,376,000 
1,552,000 


1,746,000 
1,471,000 





26.6 27.65 





ZnO 
Na:O 
CaO 
NaOH 
N asCO; 


H.SO, 65.5 3.83 











* Only roughly estimated. 


centration of SOs, in the flue gases was 
estimated to be 0.6%. 

Estimates of the economics of the 
following processes were made for 
this station: (1) the zinc oxide re- 
generative process, (2) an ammonia 
process similar to that used at Trail, 
B. C., (3) the autoclave process, (4) 
the dimethylaniline process, and (5) 
the xylidine process. 

Table III presents a comparison of 
these processes. It can be seen that 
even for a station emitting gases with 
a relatively high concentration of 
SO2, 0.6%, only those processes us- 
ing ammonia scrubbing showed a pos- 
sibility of being economically feasible. 
It should be noted that these figures 
require further refinement to be gen- 
erally applicable, since the possibili- 
ty of SO, recovery was only a part of 
the study conducted and only esti- 
mates were prepared for equipment 
costs. 


The Trail process cost includes a 
sulfuric acid plant of 50 tons/day 
capacity. The equipment for han- 
dling the flue gas is the same for both 
the Trail process and the autoclave 
process, except that an autoclave and 
ball mill are substituted in the latter 
for the acidifier, steam stripper, and 


H.SO, plant. 


The dimethylaniline process would 
require cooling of the flue gases to 
85°F., using a cooling tower larger 
than the absorption tower for the 
Trail process. In addition, a coke 
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filter would be necessary to remove 
all of the condensed water in the flue 
gases. The absorption tower would 
be large because of the low solubility 
of SO. in dimethylaniline and the 
need for scrubbing to recover di- 
methylaniline vapors. Xylidine, which 
has a greater capacity for SO. than 
dimethylaniline, would reduce the 
power and steam requirements as 
shown in Table III. 

From available information, it is 
obvious that the control of SO. 
emitted from power plants using high- 
sulfur fuels presents a serious prob- 
lem, and that on the basis of present 
technology the removal of SO. from 
stack gases cannot be justified eco- 
nomically by the recovery of sulfur- 
containing by-products. 


Conclusion 


When all has been considered re- 
garding the problem of controlling 
the undesirable effects of discharging 
waste or stack gases containing sulfur 
dioxides into the atmosphere, only a 
limited number of possible remedies 
can be listed. This list would include: 

(1) The direct approach. This 

would involve the removal 
or significant reduction of 
the sulfur content of me- 
dium- and high-sulfur fuels. 
This is technically possible 


Again, for economic and 
logistic reasons, legal re- 
striction of sulfur contents 
could not be the answer for 
the country as a whole. 
More efficient dispersion of 
effluent gases into the at- 
mosphere. High stacks have 
helped in this regard, but 
there is a practical limit to 
the height of stacks, and the 
topographical and meteoro- 
logical conditions at some 
locations are such that in- 
creasing the stack height to 
any practical degree would 
not help the situation under 
adverse conditions. 

The addition of chemical 
materials to the fuel to fix 
the sulfur in solid form. 
This has been suggested 
from time to time, but no 
practical result is known to 
have been achieved. Inor- 
ganic materials have been 
added to the fuel or in the 
furnace to assist in the con- 
trol of boiler deposits and 
external tube corrosion, but 
the fixation of sulfur has 
not been accomplished to a 
practical degree. 

There is, finally, the possi- 
bility of washing or treat- 
ing the stack gases to re- 
move the sulfur oxides be- 
fore the gases are dis- 
charged to the atmosphere, 
as discussed in some detail 
in the preceding para- 
graphs. 





—within limits—for both 
fuel oil and coal, but only 
at appreciably increased 
cost. Many fuel engineers 
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The final conclusion must be that 
none of the methods represent a final 
practical and economic answer to the 
nationwide problem of controlling 
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sulfur emissions from stack gases. 
Any of the suggested solutions will 
add an increment of cost to the final 
cost of the steam generated or the 
electrical power produced. In the 
final analysis, whatever the solution, 
the costs of eliminating or minimizing 
the effect of the sulfur oxides in stack 
gases would be passed on to the con- 
sumer. If the public demands a so- 
lution to the problem, they must do 
so with realization that higher costs 
are involved and that additional costs 
will be passed on to them. 
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The Variation of Effluent Concentrations During 


Temperature Inversions*! 


M. E. SMITH, I. A. SINGER, F. E. BARTLETT and L. MARCUS 


The study of stack gas dispersion 
in stable atmospheric conditions is 
difficult, since the effluent remains 
aloft for great distances. For many 
applications, the problem need not be 
studied as intensively as the more vig- 
orous daytime conditions for this 
same reason, but growing interest in 
radioactive aerosols is demanding 
study of all types of dispersion condi- 
tions. One of the reasons for this is 
that gamma radiation may reach the 
ground even though the cloud remains 
aloft. Another is that it is often im- 
portant to define the effluent behavior 
hundreds of miles downwind, because 
of the hazard associated with minute 
amounts of certain isotopes. Similar 
reasoning sometimes applies to indus- 
trial plants having very large chemi- 
cal emissions, for here also the inver- 
sion condition may create a problem 
if the terrain pattern downwind is ad- 
verse, or because of the fumigation 
at the breakup of the condition. 


A number of people have recog- 
nized the importance of the inversion, 
and have contributed to our present 
understanding of it. Sutton ® in- 
cluded values for diffusion parameters 
during inversion conditions in his 
1947 paper, but these bore little rela- 
tion to the actual patterns of elevated 
plumes as they were subsequently 
studied in greater detail. Davidson (2) 
made an important contribution in 
recognizing 2 distinct phases in stack 
gas diffusion, which he termed aero- 
dynamic and meteorological. His con- 
cern, however, was largely with the 
initial ascent of stack plumes rather 
than diffusion. Barad“) derived a 
mathematical treatment based essen- 
tially on the earlier work of Rob- 
erts‘*), and he was the first to stress 


* Presented at the 50th Annual Meeting of 
the Air Pollution Control Association 
held at St. Louis, Mo., June 2-6, 1957. 

+ Research carried out under the auspices 
of the United States Atomic Energy Com- 
mission. 
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Brookhaven National Laboratory 


Upton, Long Island, New York 


the importance of the initial condi- 
tions of release when the subsequent 
rate of diffusion was slow. 


Barad and other members of the 
Brookhaven meteorological staff are 
credited with several attempts to ob- 
tain concentration measurements aloft 
in 1949 and 1950, but none of these 
were successful. The recent develop- 
ment of airborne sampling devices ‘°) 
has made a sampling program pos- 


sible. 


The data presented are the first ob- 
tained from the airborne samplers, 
and they are by no means complete 
in any sense. However, they are very 
interesting in several respects, and it 
is considered worthwhile to summar- 
ize them completely. 


Facilities 

The Brookhaven meteorological in- 
stallation, including the 355 ft., 20-in. 
diam. stack and smoke generating 
system, has been described previous- 
ly, but certain additional details are 
necessary to provide a complete back- 
ground for this study. Of particular 
interest are the characteristics of the 
effluent emission. The tracer is an 
oil-fog consisting of droplets with a 
radius of approximately 0.3 ». The 
oil emission rate is variable, but has 
averaged 35 gal./hr. during the cur- 
rent series of tests. The fog is gen- 
erated in the base of the stack and is 
carried upward in a stream of air 
which is also adjustable, but has been 
maintained at 6975 ft.*/m. during the 
period in question. This corresponds 
to a stack speed of 53 ft./sec. The 
temperature of the mixture at the top 
of the stack exceeds the ambient by 
approximately 10-15° C. at this flow 
rate. 

Sampling 

The oil-fog has been measured by 3 
different techniques, 2 of which have 
been described in the paper by 
Smith). The first method involves 
the 90° scattering of visible light 
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from the oil droplets as they pass 
through a darkened chamber. The 
second and third methods both rely 
on the collection efficiency of the 
Millipore filter, and the determination 
of oil amounts is made either gravi- 
metrically or fluorometrically. None 
of these methods can be used over the 
entire range of concentrations found 
in field tests. The calibration of 
the photometric densitometer breaks 
down, for example, in the dense plume 
very close to the stack, and the gravi- 
metric system is ineffective when very 
small amounts of oil are collected. 
At any given concentration, it is al- 
ways possible to obtain comparisons 
between at least 2 of the methods, and 
adjustments of concentration and 
sampling time in the calibration room 
show the relations of all 3 over part of 
the range. Table I contains some of 
the comparisons that have been made. 
These data were obtained in both the 
calibration room and at the stack out- 
let. The results are not ideal, of 
course, but an agreement within a 
factor of 2 is quite acceptable for 
processes dependent on such different 
physical principles. It will be noted 
that the fluorometric technique ap- 
pears to give excessive readings as the 
oil amount increases. This reflects an 
extension of the original calibration 
curve into regions generally far above 
those that have actually been used, 
and recalibration is needed to correct 
this, 

Unfortunately, errors do not end 
with the limits suggested by Table I. 
The flow rates of the airborne sam- 
plers can be measured before and 
after each operation, but the speed of 
the pumps aloft is certainly not con- 
stant. Most difficult of all is the es- 
timation of the statistical meaning of 
the samples in reference to theoreti- 
cal values that can be calculated. In 
order to appreciate this fully, it is 
necessary to visualize the technique in 
some detail. The semi-diesel samplers 
are carried aloft by Kytoons to the 
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TABLE | 
Comparison of Various Oil-Fog Measurements 





Method 


mg. of Oil 





Filter 


Gravi- 
metric 


Densi- 
tometer 


Fluoro- 
metric 
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Calculated 
10.8 
10.8 

6.8 











Gravimetric—Filter weighed before and after collection. 


Fluorometric—Oil extracted with benzol and detected with fluorometer. 


Densitometer—Computed from concentration in room as indicated by photoelectric device. 


Calculated—Derived from measurements of generator censumption, stack and filter flow. 


level of the oil-fog plume. Ideally, 
each sampler should be held at fixed 
location in reference to the source, 
but this is virtually impossible with 
a Kytoon which moves about with the 
wind. The only reference of any 
practical value is the effluent plume 
itself, and an attempt is made to keep 
the assembly as near the centerline of 
the meandering plume as possible. 
This too can be quite a difficult feat, 
but at least the proportion of time in 
which the assembly is improperly lo- 
cated can be judged. These errors, 
together with smaller ones arising 
from other sources, reduce the over- 
all reliability of any given sample to 
approximately a factor of 3. While 
disappointing in some respects, data 
of this quality are perfectly suitable 
for first approximations of stable dif- 
fusion. 
Analysis 

The 2 filter techniques have been 
used to obtain all of the samples dur- 
ing inversions, and the fluorometric 
measurements from the first 8 field 
tests have been carefully examined 
and summarized for this study. A 
number were rejected because of 
known mistakes or defective equip- 
ment, but all others are included in 
this analysis despite the fact that sev- 
eral are probably quite inaccurate. 
Table II shows the individual sam- 
ples, as well as other pertinent infor- 
mation. The data are arranged ap- 
proximately in order of increasing 
wind speed. The column headed 
computed concentrations represents 
the plume concentration as deter- 
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mined from the measured oil amount 
on each filter and the air flow of the 
individual sampler. Despite the limi- 
tations in technique described in the 
preceding section, the samples are 
subsequently treated as though they 
were plume centerline values. 


The results begin to be somewhat 
more meaningful when the field con- 
centrations are plotted against dis- 
tance, as in Fig. 1. Here, although 
the scatter of the data is large, one 
can perceive an orderly decrease in 
concentration with distance and even 


fit a line representing the slope fairly 


easily. This line is in relatively good 
agreement with the individual slopes 
in specific tests having samples at 2 
or more distances. Tests 55-12, 56-4 
and 56-10 are the best examples. 


Without making any commitment 
to a particular theoretical approach. 
it is worthwhile to inquire what 
mathematical model might describe 
this inversion plume. The Sutton 
equation for a point source at the 
height of the stack in the free atmos- 
phere is one possibility: 


For the current study, with all data 
assumed to be along the centerline 
y — z= 0, the formula reduces to: 


c= Gere 7) 


2l 
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Fig. 1. Actual Concentrations. The original, 
uncorrected concentration data are shown. 
Only samples known to be defective have 
been eliminated. 


where: 


concentration | 
rate of pollu- 
tant emission 
crosswind and 
vertical diffu- 
sion parame- 
ters 
dimensionless 
index 

wind speed 





Since most theoretical models would 
suggest that the downwind concen- 
trations would be directly propor- 
tional to the rate of emission (Q) and 
inversely proportional to the wind 
speed (%), the concentration data 
can be simplified by adjusting all 
values to a standard output rate of 
35 gal./hr. and a wind speed of 10 
mph. In this survey, Q and @ are 
measured, and the normalized con- 
centration figures are shown in the 
final column of Table II. They are 
also plotted as a function of distance 
in Fig. 2. It is immediately evident 
that the scatter is significantly re- 
duced, and that a line of best fit, de- 
termined by eye, is more meaning- 
ful. From this line, a value of n can 
be specified. The most interesting 
feature of Fig. 2 is that this value of 
n is approximately 1.00, representing 
a linear decrease in concentration 
with distance. This figure for n is 
much larger than any of which the 
authors are aware, and suggests that 
the diffusion process is occurring at 
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Fig. 2. Normalized Concentrations. The 
same data as that shown in Fig. |, adjusted 
to a standard emission of 35 gal./hr. and 
10 mph. wind. 


a slower rate than might be expected 
from most calculations that are cur- 
rently made. Values of n suggested 
by others for inversion conditions 
have normally ranged from 0.30 to 
0.50. Barad and Roberts have sug- 


"gested similar slopes, but with some- 
what different mathematical treat- 
ments. 


Fig. 3 is a plot of several theoreti- 
cal curves together with a repetition 
of the line representing the mean of 
the data. All plots have been ex- 
tended to the graph boundaries, al- 
though it must be remembered that 
the actual data were all taken within 
the first mile. The curve designated 
Sutton 1947 is equation (2) with 
n = 0.4 and C, X C, = 0.02. The 
BNL curve is derived from the same 
equation, but in this case, n = 1.0, 
C, = 0.025 and C, = 0.40. The 
Barad 1951 curve is adapted from his 
1951 publication. It is apparent that 
the BNL and Barad plots have the 
correct slope to match that of the ac- 
tual data, while the Sutton line shows 
too rapid a decrease. All 3, however. 
overestimate the observed concentra- 
tions by factors ranging from 10 to 
more than 100 within the first mile. 


No inaccuracy in the measurements 
can account for discrepancies of this 





























TABLE II 
Airborne Sampling Summary 
Computed * 
Stack : . concen- = 
Smoke | concen- | Rate of Wind a agg Time in | trations xr X = 
run tration emission x d sae smoke from 35 
number |xs X 10* | gal./hr. | SP — min. filters 5 ae 
mg./m.* mph. xt R. of Em. 
mg./m.° mg./m.* 

1.1 37.4 1.0 4200 14 4.3 0.40 
56-5 Va! 36.6 1.0 1310 6 a2 0.51 
Li 36.2 1.0 2380 7 0.2 0.02 
11 36.2 4.5 1310 12 10.0 4.26 
0.8 27.4 2.0 250 24 20.6 5.26 
55-13 1.0 34.9 2.0 250 18 111.7 22.39 
1.1 36.1 2.0 2210 26 3.7 0.72 
1.0 34.9 6.5 330 3 9.6 6.26 

55-10 11 0 6.5 330 25 24.0 15.2 
1 37.3 6.5 330 3 6.8 4.15 
1.1 37.7 6.5 330 1] 6.0 3.62 
0.8 27.6 9.0 2210 4 5.8 6.62 
55-1] 0.9 31.3 9.0 2210 4 a2 3.72 
1.0 34.9 9.0 2210 24 10.6 9.56 
1 36.1 9.0 2210 13 5.3 4.62 
56-9 1.2 40.4 11.0 3610 7 0.1 0.10 
1.2 39.8 12.5 3610 35 0.1 0.11 

1.0 35.1 19.0 1800 41 1.9 3.6 
55-12 pm 38.5 19.0 1800 29 1.6 2.74 
je 38.5 19.0 1800 22 1 2.94 
11 36.3 19.0 4920 24 0.7 1,32 
56-4 1.0 32.6 19.0 2460 ll 0.4 0.82 

11 36.2 19.0 160 10 15.0 28.4 
1.4 416.6 21.0 200 16 12 1.89 

1.2 41.4 21.0 200 26 17.6 31.3 

56-10 1.3 45.1 22.0 200 23 22.8 38.9 
12 41.4 22.0 200 23 14.9 27.85 
1.2 39.4 28.0 3780 3 a 2.87 


























*Normalized to 10 mph. and 35 gals./hr. 
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Fig. 3. Plots of Centerline Concentrations 
According to Diffusion Equations. Three of 
the 5 plots represent the uncorrected predic- 
tions of diffusion equations. The BNL 

FF 
curve is the only one to agree closely with 
the actual data, and it has been adjusted 
to do so. 


order, The solution is found in the 
fact that the stack concentration is 
finite rather than infinite as required 
by the point source approximation. 
and in the neglect of the rapid, aero- 
dynamic diffusion which occurs im- 
mediately after release of the effluent 
from the stack. Apparently, very 
rapid mixing is present for a short 
time, and then gives way to a more 
gradual process. This physical ex- 
planation is almost a requirement to 
account for the situation shown in 
Fig. 3. This is not a new and star- 
tling concept. It was a key point in 
Barad’s paper, and the criticism of 
his work is only that he did not carry 
his adjustment far enough. He be- 
lieved that the initial phase was es- 
sentially complete about 5 meters 
from the stack, and that the dilution 
from this process was about a factor 
of 5. 


This brings up an important prob- 
lem in terms of mathematical approxi- 
mations and their application to prac- 
tical situations. If such large errors 
can be made in applying a point 
source formula to the small Brook- 
haven test stack, it is conceivable that 
much more serious discrepancies may 
be found with the high stack speeds 
and temperatures of large industrial 
plants. 


There are several ways of compen- 
sating mathematically for the initial 
or aerodynamic dispersion. The sim- 
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plest is division of a formula having 
the correct slope by an appropriate 
constant. This has been done for the 
BNL equation and is shown in Fig. 3 


aa FF, which may 


be freely translated as fudge factor, 
equals 100 in this study. A second 
approach would be to use a fictitious 
point source far upwind of the actual 
source position, as has been done for 
pollutant clouds by Holland“). This 
is equivalent to moving the BNL 
curve in Fig. 3 to the left 15 miles, 
instead of lowering it by division. 
Barad’s method is more accurate in 
representing the actual physical be- 
havior, since he treats the problem in 
2 steps. 


as the curve. 


Each of these methods can produce 
correct predictions of the centerline 
concentrations over short distances, 
and presumably over much longer 
ones if the natural diffusion parame- 
ters remain nearly constant. The im- 
portant point is that each requires 
knowledge of the initial dilution of 
the cloud before the proper adjust- 
ment can be made. 


Another solution lies in the use of 
an equation of the Sutton form with 


values of the parameters, particularly 
n, adjusted to match the actual data 


at distances of interest. This also 
implies some knowledge of the field 
concentrations, and it is much less 
appealing in that it can fit the facts 
only at one distance. The original 
Sutton curve shown in Fig. 3, for ex- 
ample, would give good results at a 
distance of 10 to 25 miles, but would 
always be in error at other points. 
Close to the stack, the equation would 
overestimate the concentrations, and 
at distances greater than 50 miles, the 
underestimation would become se- 
rious. 


No mention has been made of the 
vertical and crosswind diffusion, rep- 
resented by the parameters C, and 
C, in equation 2. This is because the 
centerline concentration data pro- 


vided by this sampling technique do 
not reveal anything about them indi- 
vidually. These parameters appear 
in the denominator of the equation, as 
does the FF factor used to correct the 
predicted values, and it is legitimate 
to suggest that a large portion of the 
discrepancy might result from choices 
of C, and C,. Fortunately, they are 
related to the vertical and horizontal 
spread of the cloud as well as the 
centerline concentrations, and some 
reasonable conclusions about their 
magnitude can be drawn from pho- 
tographic and visual observations. 
Specifically, the width and vertical 
thickness of the trail can be used to 
establish maximum limits for both 
parameters. For the Brookhaven 
plume, it is difficult to see how the 
values could exceed 0.05 for C, and 
0.50 for C,. Actually, it is felt that 
0.025 and 0.40 are closer to the truth. 
Therefore, the correction factor, how- 
ever it is achieved, must reduce the 
concentration by approximately a fac- 
tor of 100. 


One obvious point should be dis- 
cussed, and that is the relation be- 
tween diffusion and the steepness of 
the inversion. Unfortunately, these 
data cover too small a range of con- 
ditions to define any specific rela- 
tionship. Summaries of many visual 
observations from previous runs sug- 
gest, however, that the important dif- 
ferentiation is between lapse and in- 
version, and that the influence of the 
degree of temperature increase with 
height is secondary. 


Conclusions 


The first set of inversion concen- 
tration data obtained at Brookhaven 
from the 355 ft. test stack facility 
have been presented and analyzed. 
The data, though scanty, reveal that 
diffusion within the first mile from 
the source agrees with the pattern 
suggested by Barad, in which an ini- 
tial aerodynamic diffusion process is 
followed by a very gradual, natural 
one. However, it is somewhat sur- 


prising to find that the initial diffu- 
sion is much more rapid than had 
been anticipated, and also that the 
subsequent natural process is more 
gradual. 


Accurate prediction of the inver- 
sion diffusion concentrations is made 
difficult by the marked, 2-stage na- 
ture of the plume behavior. Little 
enough is known of the natural rates 
of diffusion, but even if that process 
could be described precisely, errors 
amounting to factors of 10 to 1000 
may be introduced by neglect of the 
initial dilution. Discrepancies of this 
order are too large to be acceptable 
for many purposes, and careful in- 
vestigation of effluent plumes close 
to the stack is a prerequisite to im- 
provement of the estimates. 
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Atmospheric Dispersal of Industrial Stack Gases 
Determined by Concentration Measurements 
In Secale Model Wind Tunnel Experiments’ 


GORDON H. STROM, MURRY HACKMAN and EDWARD J. KAPLIN 


The value of scale model experi- 
ments in the investigation of various 
physical phenomena is sometimes lim- 
ited by the form of data obtained. If 
the experiments have a high degree 
of similarity to the prototype phe- 
nomena, then the more quantitative 


the nature of the data, the greater - 


will be the usefulness of the results. 
Measurement of degree of similarity 
between a scale model and the proto- 
type would be improved by quanti- 
tative data on which to base a corre- 
lation. Whether a high degree of 
refinement in the data-taking phase 
of an experiment is necessary or de- 
sirable depends on many factors, not 
the least of which is cost. Quantita- 
tive forms of data require more elab- 
orate instrumentation and in addition 
usually require a closer control of ex- 
perimental conditions. Various sup- 
plementary apparatus may also be 
needed. The time required to con- 
duct the experiments as well as to set 
them up may be increased consider- 
ably. 


Visual and Optical Techniques 
in Wind Tunnel Experiments 


Scale model wind tunnel experi- 
ments on air pollution have been per- 
formed with various methods of data 
detection. Perhaps among the ear- 
liest were those in which geometric 
features of the smoke plume were ob- 
served or recorded photographically. 
This continues to be an effective 
means of obtaining important plume 
characteristics, In addition to ob- 
taining certain plume details it gives 
an excellent overall view of smoke 
dispersal and associated air motions. 
This technique does not provide data 
of the form most effective for corre- 
lation with full scale ground level 
gas concentration experiments. It 
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does, however, show the relative ef- 
fect of building and stack modifica- 
tion on displacement and dispersal 
of smoke or gas plumes. 

In an attempt to improve on the 
visual and photographic methods a 
refinement was developed at the New 
York University 34% by 7 ft. Wind 
Tunnel to remove some of the human 
element in gauging smoke plume 
characteristics“ 2). The presence or 
absence of smoke—usually at ground 
level—was detected by the interrup- 
tion of light in a beam projected 
across the airstream and directed at 
a phototube. Reduction in photo- 
tube output was an indication of the 
presence of the smoke plume at the 
level of the light beam. Graphs of 
change in phototube output vs. wind 
speed were used to determine the 
wind speed at which the smoke plume 
first caused pollution. This gave the 
dividing point between pollution and 
no pollution on the wind speed scale. 
Used in conjunction with climatologi- 
cal data this provided the information 
for calculation of annual hours of 
pollution. Data on wind speed at 
which pollution first occurs is of 
value in correlation with full scale 
field studies. Field measurements of 
gas concentrations may be used for 
finding this same characteristic. A 
correlation of this type is shown in 
reference 1 where excellent agree- 
ment of wind tunnel and field studies 
was found. 


Data obtained from the light beam- 
phototube method is a measure of 
smoke concentration. It is, however. 
a line concentration which is not the 
form usually desired. In an idealized 
situation, line concentration is pro- 
portional to point concentration but 
the units are different. As experi- 
ence was gained with the light beam- 
phototube method in the New York 
University wind tunnel there devel- 
oped a tendency to look at phototube 
data in terms of their significance as 
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potential concentration measurements.. 
The need for concentration data was 
brought out in connection with one 
investigation in which a stack modi- 
fication applied to full scale resulted 
in what appeared to be a greater im- 
provement in pollution characteris- 
tics than indicated in the wind tunnel 
experiments, It was found in later in- 
vestigations that modifications which 
increase the wind speed of initial con- 
tact of plume with ground also reduce 
the concentration at higher speeds. 

The possibility of developing the 
light-beam technique into a point con- 
centration type was studied. There 
were instruments available on the 
market for smoke concentration meas- 
urement and there appeared to be suf- 
ficient reasons for putting effort into 
developing the necessary equipment 
and techniques. One of the poten- 
tial difficulties important in the de- 
cision to develop the gas tracer tech- 
nique described below was the prob- 
lem of controlling and keeping con- 
stant the density of smoke supply. 
There is also the need for a separate 
instrument for monitoring of smoke 
concentration in the model stacks. 

The availability of instruments 
suitable for measurement of sulfur 
dioxide concentrations at low levels 
led to the development of techniques 
and equipment currently in use at the 
New York University wind tunnel. 
Sulfur dioxide concentrations of less 
than 1% in the stack air supply are 
sufficient to give measurable concen- 
tration in the plume. The relative 
ease of measuring sulfur dioxide flow 
rate together with negligible toxicity 
problems due to small amounts of 
sulfur dioxide involved made this pro- 
cedure quite appealing. 

Various auxiliary equipment was 
needed as the result of using gas con- 
centration techniques. The stack gas 
supply system became more compli- 
cated. Increased attention was 
needed in regard to leaks. The prob- 
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lems of corrosion of materials by sul- 
fur dioxide and absorption of sulfur 
dioxide by pipes and tubing arose. 
In contrast with the photographic 
technique of obtaining measurement 
of the entire smoke plume in one rec- 
ord, the gas concentration technique 
requires measurement at a number of 
individual locations. An apparatus 
was necessary for moving the sam- 
pling probe from point to point to 
obtain maximum effectiveness. The 
various developmental problems have 
been largely solved and successful op- 
eration has been achieved. 


Scale Factors 


The importance of Froudes num- 
ber in experiments which involve gas 
density effects was pointed out in ref- 
erences 1 and 2. In addition to 
Froudes number, density ratio (stack 
gas to ambient air) and geometric 
similarity are to be maintained at the 
same values for model and prototype. 
These lead to the following relation- 
ships for model test variable in terms 
of their full scale counterparts. 


Vin ViV lin/le 
(V/V) m (V, ‘V)¢ 
(ps/p) m (ps/p)¢ 
where 
V wind speed 
Te stack gas ejection 
speed 
p ambient air 
density 
stack gas density 
linear scale 
factor 


Ps 
LL /\¢ 


and subscripts m and f refer to model 
and full scale, respectively. In the 
absence of special controls and un- 
natural effects, the wind tunnel air- 
stream includes no thermal effects in 
the form of convective turbulence. 
This is the same neutral or adiabatic 
condition that would be approached 
at the higher wind speeds of the at- 
mosphere. 


Concentration Measuring Apparatus 
and Technique in Wind Tunnel 
Experiments 


In order to evaluate the pollution 
characteristics of exhaust gases under 
various test conditions, as simulated 
in the 31% by 7 ft. Wind Tunnel, con- 
trolled volumes of a tracer gas were 
introduced into the effluent. There 
was an available instrument specifi- 
cally designed to continuously record 
the concentration of oxidizable sul- 


of APCA 


fur compounds in a gas stream. Of 
the possible compounds, sulfur di- 
oxide was chosen because of its avail- 
ability and convenience. Also it has 
some psychological advantage in that 
sulfur dioxide is frequently the pol- 
lutant under investigation in the full 
scale case. 


The instrument used is a Consoli- 
dated Electrodynamic Corp. Titrilog 
(model 26-103) which has been 
slightly modified to facilitate its use 
in tunnel tests. Briefly, the principle 
of operation of the Titrilog is one of 
an oxidation-reduction reaction in 
conjunction with an electronic ampli- 
fying system. A continuous sample 
containing oxidizable sulfur com- 
pounds is drawn either under pres- 











Intake 
from Probe 





Intake Filter 
(Glass Woo!) 





Fig.l. Modified gas handling system for 
titrilog instrument. 


F-4 Dust Filter, Cell 

F-5 Air Charcoal Filter 

F-6 Pump Charcoal Filter 

F-7 Pipe Cleaner Filter, Pump Orifice 
O-4 Pump Orifice 

O-5 Bleeder Orifice 

P Vacuum Pump 

TC Titrilog Cell 

V-6 Sensitivity Valve 


sure or from slightly below atmos- 
pheric pressure into a titration cell 
where it is titrated with electrolyti- 
cally generated bromine at a poten- 
tiometric balance point. A feed-back 
amplifier controls the rate of genera- 
tion of the reacting bromine above a 
set reference level so that it is at all 
times equal to the rate of absorption 
of reactive gas in the titration cell. 
The current through the amplifier sys- 
tem is measured continuously by a 
recording milliammeter. The differ- 
ence between the current during the 
reaction period and during the zero 
level period is a function of the sul- 
fur compound concentration in the 
incoming sample gas. Since what is 
recorded is the net titration level, ac- 
tual concentrations are obtained by 
multiplying this value by a calibra- 
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tion factor which is determined sepa- 
rately for sulfur dioxide or any other 
constituents to be measured. 

The method of calibration used at 
the wind tunnel is basically as fol- 
lows. Controlled volumes of air and 
sulfur dioxide are thoroughly mixed 
to produce a stream of gas contain- 
ing a known concentration of sulfur 
dioxide which is then ducted through 
a manifold system. At some point 
downstream, a probe has been in- 
serted in the center of the gas stream 
and samples of the mixture are con- 
tinuously drawn off and fed to the 
Titrilog. The net titration level de- 
termined from the recorder is divided 
by the sample rate and plotted as a 
function of the known concentration 
to produce a calibration curve for 
sulfur dioxide. 

The Titrilog (model 26-103) has 
been modified to suit the require- 
ments of the tunnel operation (Gas 
Handling System — Fig. 1). Since 
the tests require maximum sensitivity, 
the pressure system has been removed 
and the vacuum system used exclu- 
sively to draw a continuous sample 
of tunnel air. The sample rate is de- 
termined by the critical flow orifice. 
When pure sample is drawn the rate 
is approximately 900 cc./min., al- 
lowing measurement of a range of sul- 
fur dioxide concentrations of about 
0-7 ppm. To increase the range a 
controlled volume of filtered air can 
be introduced to the sample line. 
Since the total flow is fixed by the 
critical orifice the rate of gas sample 
drawn from the tunnel is thereby re- 
duced. The sample rate can be de- 
termined at any given time since the 
polluted gas sample is passed through 
a flowrator before reaching the titra- 
tion cell and before the point at 
which the filtered air is introduced. 


At the present time, the Titrilog is 
situated outside of the tunnel test sec- 
tion while the intake probe is inside 
the tunnel, mounted well upwind of 
the supporting carriage unit, which is 
designed to allow the probe to be re- 
motely positioned to any desired 
point in the tunnel test section with a 
minimum of disturbance to the flow 
patterns. A long length of flexible 
chemical resistant plastic tubing is 
used to carry the sample from the 
probe to a feed-through tube in the 
tunnel wall to the Titrilog. To de- 
crease the time required for a given 
sample to get from the probe to the 
Titrilog, a tee has been inserted in the 
intake line before the sensitivity 
valve. At this tee, a connection is 
made with the pump bleeder orifice, 
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Fig. 2. Vertical concentration profiles through plume 1440 ft. downwind of stack for various 


configurations. 








Sutton parameters 


ge nae epee cat ee Smith & Singer parameters 


thereby increasing the vacuum and 
drawing a greater sample in a shorter 
period of time. The excess sample 
not passing to the titration cell is 
passed directly to the vacuum pump 
for exhaust. 

In order to further shorten the in- 
take lines and, as a result, decrease 
the reaction time, it is planned to 
mount the entire Titrilog on the car- 
riage inside of the tunnel. At that 
time, the sensitivity valve and air 
valve will each be by-passed by a 
system of orificed solenoid valves. 
By proper selection of orificed sam- 
ple and filtered air solenoid valves, 
predetermined sample ratio can be es- 
tablished and controlled remotely 
from outside of the tunnel test sec- 
tion. 


To study the distribution of sulfur 
dioxide resulting from stack gases, 
the wind tunnel provides for control 
of the following variables: 

(1) Building design 

(2) Stack design (including 
height and diam. and noz- 
zles) 

(3) Density of effluent (through 
the use of a mixture of air 
and helium or by the use of 
individual heater units) 

(4) Total effluent gas flow vol. 

(5) Initial sulfur dioxide con- 
centration 

(6) Wind speed 

(7) Wind direction (rotation of 
model) 
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Wind tunnel experiments — Model Scale: |" = 20'. 


Sutton diffusion equation using Plume 
Height of 288". 


(8) Three dimensional remote 
positioning of the sampling 
probe 


(Downwind range depends upon scale 
of model. At 30 ft. = 1 in. the maxi- 
mum range is about 10,500 scale ft.) . 
The data collected and presented in 
this report is the result of maintain- 
ing constant effluent density, total gas 
flow volume, initial sulfur dioxide con- 
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centration and wind speed. The pri- 
mary variables in all the tests were 
the downwind, vertical and horizon- 
tal positions of the sample probe. 
Other tests involved changes in stack 
design, wind direction and the addi- 
tion of a building. 

When the Titrilog is drawing maxi- 
mum sample from the tunnel (870- 
900 cc./min.) each division of the 
record corresponds to approximately 
0.20 ppm. by volume. Good esti- 
mates of values can generally be made 
as low as 0.05 ppm. by volume and 
on some occasions as low as 0.025 
ppm. by volume, depending on the 
stability of the instrument’s zero 
reading. It is operational practice 
to use as the zero level that reading 
which is obtained from the sample 
drawn from the tunnel stream with- 
out sulfur dioxide being emitted from 
the stacks. It is generally noted that 
this zero level is slightly higher than 
that determined from the pure fil- 
tered air supply of the instrument. It 
is also operational procedure to read 
an average value of the recorder trace 
as the concentration measurement 
for each test condition. In this man- 
ner variations due to slight variations 
of tunnel wind speeds and initial sul- 
fur dioxide concentration etc. are, to 
a large extent, screened out. 


Experimental Results 


Results of experiments on a simple 
scale model with one stack are shown 
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Height from W. T. Experiments. 


in Fig. 2, 3 and 4. The various es- 
sential data are as follows: 


Prototype characteristics: 
Stack diam. (internal) 
d, = 13.758. 
Stack height variable 
Stack gas ejection speed, 
V. = 72 ft./sec. 
Stack gas temperature, 
t = 60°F. 
Ambient air temperature, 
t= Wr. 
Wind speed, 
V = 25 mph. 
Model characteristics: 


Linear scale, 1/240 (1 in. = 
20 ft.) 


Fig. 5. Effect of configuration (160 ft. stack). 
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Velocity scale, 1/15.5 
Stack effluent — mixture of 
helium and air with density 
which gives same density 
ratio of effluent to ambient 
air as in prototype. 
SO. in stack effluent — 3000 
ppm. (ppm. by vol.) 
All results are expressed in terms of 
full scale equivalents. 


The results of SO». concentration 
measurements are expressed as a ra- 
tio of concentration at sampling point 
to concentration in stack, q,y/qys, by 
vol. Variables involving stack gas 
density are calculated on the basis 
that the prototype effluent has the 
same molecular weight as air. Its 
density in relation to ambient air is, 


therefore, determined solely by its 
temperature. 

Other than the model there were 
no obstructions to air flow in the wind 
tunnel airstream. The airstream 
passed over a smooth floor (with 
some surface imperfections) for a dis- 
tance of approximately 18 ft. before 
reaching the model. The model of 
the building was 6 in. high and 15 
in. long. The test section airstream 
is rectangular in shape: 31% ft. high 
and 7 ft. wide. 

Results obtained with the building 
tested in these experiments must be 
viewed as only one case of building 
configuration, stack effluent charac- 
teristics, and wind speed. While cer- 
tain generalizations may be made, 
various details of results are not nec- 
essarily representative of other situa- 
tions. It is hoped that these data will 
be viewed as an example of a tech- 
nique in scale model experimentation. 

Comparison of concentration pro- 
files of the plume from the simple 
stack with those having the building 
present show 2 general effects of 
building interference. In Fig. 2 (re- 
sults for downwind distance of 1440 
ft.), the height of the plume without 
the building is 288 ft. (defined as the 
height of the peak concentration). 
With the building present, plume 
heights are 210 ft. with a north wind 
and 230 ft. with an east wind, both 
lower than the simple stack plume. 
Another effect is evident from inspec- 
tion of the vertical concentration pro- 
files. In contrast with the profile of 
the simple stacks, those with the 


Upper figure—simple stack. Lower figure—roof based stack. 
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Fig. 6. Effect of building orientation (160 ft. stack). 


parallel to wind (east wind). 


building present showed a decided 
asymmetry. The concentrations in 
the regions below the peak are great- 
er than those above. This may be 
due to the greater turbulence near 
the ground caused by the building. 
The plume disperses more rapidly 
downward than upward. Lowering 
of the plume and greater downward 
dispersion both tend to increase 
ground level concentration. 

The marked effect of wind direc- 
tion is evident in comparing the re- 
sults for north and east winds. The 
north wind is much less favorable for 
ground level concentration although 
the reverse is the case for peak con- 
centration. For north winds the 
building presents its longest dimen- 
sion normal to the airstream, and 
causes more turbulence and distortion 
of air flow. Increase in stack height 
moves the plume away from the 
turbulent region and is favorable to 
reducing ground level concentration. 
The increase of 40 ft. in stack height 
between the 2 cases tested resulted in 
an increase of approximately 65 ft. 
in plume height. Ground level con- 
centration for the 200 ft. stack was 
about 1% of the value for the 160 ft. 
stack. Theory for a simple plume 
(no building interference) would 
show this ratio to be about 34. The 
effectiveness of stack height when the 
plume is dominated by building tur- 
bulence is brought out in these experi- 
ments. 

The effect of downwind distance is 
shown in Fig. 3 and 4. The expected 
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decrease in peak concentration is 
shown in Fig, 3. It is to be noted 
that the plume height remained ap- 
proximately 210 ft. for the 3 distances 
tested. 

The simple stack plume continued 
to rise over this distance. At 1440 
ft. (test condition of Fig. 2) its ele- 
vation was 288 ft. while at 960 ft. and 
2400 ft. it was approximately 254 ft. 
and 358 ft., respectively. It must be 
emphasized other wind speeds would 
show a considerably different result. 
Ground level concentrations with the 
building present vary only slightly 
with distance in range tested beyond 
1000 ft. The relatively flat curve of 
ground level concentration over a 
considerable distance (beyond the 
initial low values close to the source) 
seems typical of situations with a high 
degree of building turbulence. 

It is interesting to compare the re- 
sults of these experiments with some 
predictions of theoretical and empiri- 
cal analyses. These cannot be viewed 
as direct comparison since some of 
the physical conditions are quite dis- 
similar. Plume path equations of 
Bosanquet, Carey and Halton (sum- 
marized in ref. 7) show plume heights 
somewhat lower than the wind tunnel 
result for the simple stack, 

Gas concentration profiles for a 
simple plume calculated with Sut- 
ton’s diffusion equation are shown in 
Fig. 2. Height of plume found in the 
experiment were used in these calcu- 
lations where needed. One profile re- 
sults from using the diffusion parame- 
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Upper figure—long axis perpendicular 





to wind (north wind). Lower figure—long axis 


ters of Sutton for zero temperature 
gradient and 100 m. height (tabulated 
in ref. 7, p. 53). The other profile 
results from parameters found in 
Brookhaven field studies by Smith 
and Singer (ref. 5) for B, gustiness 
type. Sutton’s parameters are consid- 
ered to be representative of 3 min. 
sampling periods while those of 
Smith and Singer are based on hourly 
means. Since wind tunnel experi- 
ments do not include long period 
fluctuations of air motion, it is be- 
lieved they are representative of 
shorter sampling periods. 
Theoretical ground level concen- 
trations vs downwind distance are 
shown in Fig. 4 for Smith and 
Singer parameters. Sutton’s parame- 
ters yield negligible ground level 
values. Maximum ground level con- 
centration calculated by the equation 
in the Beaver report (ref. 6, p. 52) is 
shown. In the reference it is stated 
that the maximum occurs about 25 to 
35 times the height of stack. This lo- 
cation is beyond the range shown in 


Fig. 4. 


Conclusion 


Wind tunnel scale model experi- 
ments are more useful when per- 
formed with sulfur dioxide concen- 
tration equipment. In application to 
air pollution problems of industrial 
plants the effects of plant configura- 
tion and stack parameters can be 
evaluated more effectively. Since tol- 
erance of air pollutants is often ex- 
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pressed in terms of concentration val- 
ues, direct measurement of concen- 
trations in model experiments gives a 
more meaningful result. 


Correlation of wind tunnel experi- 
ments with field studies will be more 
significant with this quantitative form 
of data. Increased use and confi- 
dence in scale model experiments will 
depend on significant correlation 
studies. 
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Atmospheric Dispersal of Industrial Stack Gases 
Determined by Concentration Measurements 
In Scale Model Wind Tunnel Experiments 


--A Written Discussion 


MAYNARD E. SMITH and IRVING A. SINGER 


We have reviewed the subject pa- 
per with considerable interest, both 
because it is one of the few instances 
in which quantitative concentration 
data have been obtained in wind tun- 
nels and because comparisons are 
made with field results which we have 
obtained at Brookhaven. Unfortu- 
nately we feel that we must take issue 
with two points in the paper. 

The general criticism we have to 
offer concerns the normalization of 
the downwind concentration data by 
the stack concentration, and the com- 
parison of these values with the cal- 
culated concentrations predicted by 
the point source formula presented by 
Sutton. We feel that this procedure, 
as illustrated in Fig. 4, is arbitrary 
and misleading in that it suggests 
that the downwind concentrations are 
dependent upon the stack concentra- 
tion, whereas in the Sutton formula 
they are dependent upon the rate of 
emission. The authors do not en- 
lighten us on this point, but if the 
tunnel tests are actually dependent 
primarily on the stack concentration 
rather than the rate of emission, the 
fit between the curves in Fig. 4 is ar- 
bitrary. A simple adjustment of the 
air flow in the stack while holding the 
rate of emission constant will make 
the fit appear better or worse. If ad- 
ditional data are available, it is felt 
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that the point should be clarified, for 
the usefulness of the tunnel is more 
easily evaluated if one knows what 
mathematical models are satisfied. 

We must take vigorous exception 
to Fig. 2 insofar as it applies to the 
curve representing Brookhaven pa- 
rameters. We have calculated the 
appropriate vertical profiles for the 
parameters given in the reference 
paper, and find that the authors have 
apparently used the values for the Be 
gustiness condition, which was ex- 
plicitly described in our text as rep- 
resenting very light winds and a su- 
peradiabatic lapse rate. This is one 
of the conditions least likely to be 
simulated in the tunnel, and could 
hardly be expected to show any re- 
semblance to either the Sutton or tun- 
nel profile as shown. The implica- 
tion of the figure that the tunnel and 
Sutton results agree, but those of 
Brookhaven are markedly different is 
therefore invalid. 


. 


Authors’ Closure 
G. H. STROM, M. HACKMAND 
and E. KAPLIN 


It was our intention to describe an 
experimental technique of interest to 
air pollution investigations and pre- 
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sent illustrative results without be- 
coming involved in a discussion of 
methods of data presentation. Per- 
haps additional material on conver- 
sion of units from those used in Sut- 
ton’s diffusion formula would be help- 
ful to the reader. 

We are not clear on precisely what 
Messrs. Smith and Singer object to in 
our method of presentation except 
possibly a preference for another 
method. Conversion from the units 
used in the original form of Sutton’s 
formula to those used in the paper is 
straightforward. Messrs. Smith and 
Singer seem to imply that stack con- 
centration and rate of emission are 
independent but this is not the case 
unless a special adjustment of other 
variables is made. As used in the 
paper, stack concentration is propor- 
tional to rate of emission. Adjust- 
ment of any variables other than 
stack concentration will lead to re- 
sults different from those shown. 
Also stack concentration must be lim- 
ited to small values or an additional 
factor must be included, as shown in 
the equation below. 

The following equation relates vol- 
ume concentration ratio q,/qys with 
mass concentration x and emission 
rate Q. used in Sutton’s formula. The 
contaminant (SQ, in this experiment) 
and the remainder of the stack efflu- 
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ent (here termed stack gas) are iden- 
tified separately although mixed 
physically. 

ey ee M, V, As 2 x 
qvs ae Pa M, | 1 + qvs) Q. 


where: 


X = concentration of contami- 
nant at a given location 
in plume, mass/unit vol. 
of air. 

= emission rate, mass/unit 
time. 
= volume of contaminant/ 
unit vol. of air in plume 
at location where x is 
found. 
volume of contaminant/ 
unit vol. of stack gas in 
the stack. 
density, mass/unit vol. 
molecular weight. 
¥, gas ejection speed at 
stack. 
A, = stack area at exit. 
The following subscripts apply to 
p> Q and H. 
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stack gas (excluding con- 
taminant) 

contaminant 
atmospheric air 

of emission rates. 
Q./Me 

Q./M. 

For small values of g,, and equal 
molecular weights of stack gas and 
air, the above equation reduces to the 
following form which was used in 
calculations for the paper. 

eee 


qvs Pa Q. 

The Brookhaven parameter from 
ref. 5 used in calculation of concen- 
tration profiles in Fig. 2 and 4 are 
for gustiness classification B,. This 
designation was inadvertently omitted 
in the preprint. It may have been 
better to use C classification parame- 
ters as a closer approximation of scale 
model turbulence conditions in which 
case the concentration profile would 
show higher peak values and lower 
ground level values. We are unable 


qvs = 








to reconcile the contention of Messrs. 
Smith and Singer that B, parameters 
were used. One point should perhaps 
be emphasized though it does not ap- 
pear to explain the disagreement. 
The calculations and graphs were 
made for full scale values of stack di- 
mensions, velocities, etc. This as- 
sumes that concentration ratio meas- 
ured at a given location in the model 
applies directly to the geometrically 
similar full scale location. If the cal- 
culations were made for the model 
values, there would be a scale effect 
on diffusion parameters, one which 
maintains geometry of plume inde- 
pendent of scale. 

The Sutton and Brookhaven pa- 
rameters were used in the calcula- 
tion of concentration profiles as these 
appear to cover the range of sam- 
pling periods reported in the litera- 
ture. As pointed out in the paper, it 
is expected that wind tunnel results 
would be closer to the shorter sam- 
pling periods. There is no reason to 
believe that the long period and wind 
tunnel profiles should agree. 
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The Dispersion of Stack Gases 
In Stable Atmospheres"! 


Among the many factors which af- 
fect the lower atmosphere’s capacity 
to diffuse and transport gaseous and 
particulate materials, the one most 
easily recognized is the hydrostatic 
stability or the density stratification 
of the lower atmosphere. The de- 
scriptive terms fanning, coning, and 
looping have become a standard part 
of the vocabulary of workers in this 
field and are almost automatically as- 
sociated with stable, neutral, and un- 
stable temperature or density strati- 
fications. These qualitative classifi- 
cations of diffusion and transport phe- 
nomena have proved exceedingly use- 
ful in studies of these phenomena, but 
quantitative accounting of the effects 
of variable density stratification has 
been a major stumbling block in the 
specification of the atmosphere’s ca- 
pacity to dilute and remove extrane- 
ous materials. 


It is of course recognized that the 
density stratification of the atmos- 
phere can play only an indirect role 
in the processes of diffusion and 
transport since these processes must 
ultimately depend upon the motions 
of the atmosphere. The stability of 
the atmosphere is of interest only in- 
sofar as it exerts limiting controls 
upon the motions of that atmosphere. 
The inclusion of the effects of a vari- 
able density gradient in the formula- 
tion of comprehensive theoretical 
treatments of turbulent diffusion is 
an exceedingly complex problem. To 
quote Sutton"), . . . the introduction 
of a variable density gradient means 
that the mathematical theory is con- 
siderably more complicated than that 
for a homogeneous fluid, and at the 
present time hardly exists. 


* Presented at the 50th Annual Meeting 
of the Air Pollution Control Association, 
June 2-6, 1957. 

+ Based in part on a dissertation submitted 
to the University of Chicago in partial 
fulfillment of the degree of Doctor of 
Philosophy in Meteorology. 
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In addition to this lack of a satis- 
factory theoretical model which in- 
cludes the effects of vertical density 
gradients, there is also at present a 
dearth of reliable measurements of 
the diffusion and transport of mate- 
rials in non-neutral atmospheres. 
This is particularly true of the case 
of stable temperature stratifications. 
Since a knowledge of what must be 
explained is a prerequisite to any 
theoretical treatment of this problem. 
it is natural to attack the experimen- 


Fig. |. Aerial and side view of a smoke 
plume emitted into stable atmospheres show- 
ing smoke out to approximately ¥% mile from 
the source. Source height: 200 ft. above 
ground level. 


tal problem first. It is the purpose of 
this paper to report upon attempts to 
measure the diffusion and transport 
of materials emitted continuously 
from an elevated point source into 
stably stratified atmospheres and, in- 
sofar as these data permit, delineate 
the potential hazards and benefits 
which may arise from such emissions. 

The practical importance of a firm- 
er knowledge of the diffusive and 
transportive capacity of stable atmos- 
pheres can be emphasized by the fre- 
quency of occurrence of this condi- 
tion and the fact that in stable atmos- 
pheres material may be carried to dis- 
tant points in relatively high concen- 
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trations. The frequency of occur- 
rence of stable atmospheres varies 
from one locality to another but is 
generally high. For example, at Han- 
ford the lowest 200 ft. of the atmos- 
phere is characterized by a stable tem- 
perature stratification some 40% of 
the time. Most assuredly this situa- 
tion must be taken into account in 
a comprehensive survey of the capaci- 
ty of the atmosphere to remove and 
disperse extraneous materials. 


Description 


An excellent description of the be- 
havior of stack effluents emitted into 
stable atmospheres has been given by 
Barad‘*). In the presence of a hori- 
zontal wind, an effluent (say, smoke) 
emitted vertically through the stack 
orifice is turned from its initial ver- 
tical motion and at some height above 
the stack exit its motion is purely 
horizontal. From this point on the 
smoke remains at this height as it 
moves downstream from the source. 
Vertical motions on a scale large 
enough to displace whole segments of 
the plume are lacking. However, as 
it moves downstream the smoke 
spreads in both the horizontal and 
vertical crosswind directions due to 
diffusive mixing with the ambient 
clear air. The horizontal growth of 
the plume is considerably more pro- 
nounced than the vertical growth. In 
response to larger scale fluctuations 
of the horizontal wind velocity the 
plume also meanders about the down- 
wind axis defined by the mean wind 
direction. The plan and elevation 
views of a smoke plume emitted into 
a stable atmosphere shown in Fig. 1 
are typical of this situation and illus- 
trate the above description. 

In order to establish a model 
against which measurements of the 
distribution of effluent concentrations 
downwind from an elevated source 
may be appraised, it is assumed that 
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the following conditions are fulfilled 
at any distance x along the direction 
of the mean wind: 

(1) When averaged over a con- 
siderable period of time, the 
effluent material is normal- 
ly distributed about the cen- 
terline of the plume with 
zero mean and variance o”, 
in the horizontal cross-wind 
direction and variance o”, 
in the vertical direction. 
This distribution is aver- 
aged about the moving cen- 
terline of the plume. 


(2) o?. and o*, are independent 
of the horizontal cross-wind 
position of the plume cen- 
terline and of each other. 


(3) The horizontal cross-wind 
position of the plume is nor- 
mally distributed about the 
mean wind direction with 
zero mean and variance o°y. 


(4) The vertical position of the 
plume centerline is invariant 
with time or distance from 
the source. 

Under these assumptions, the aver- 

age distribution of concentration 
within the plume, X,, is given by, 


X.(x, 4, z) = 


aera —-% (4 a \ 
V2r Oc Oz U Co Oe f 
(1) 
where u is the mean wind speed, Q is 
the emission rate, and the coordinate 
system is chosen such that x is along 
the mean wind direction, y is meas- 
ured horizontally cross-wind, z ver- 
tically, and » is measured along y 
from the centerline of the plume 
which is located at (x, Y, 0), the ori- 
gin for y and z being chosen as the 
centerline of the plume, (Fig. 2). 
Now, if N is the fraction of time the 
plume centerline is located between 
Y + \% dy, according to assump- 
tion 3 


N(x, Y) = 


1 Sg 
V2 on ™ \ wrt. 
(2) 


Then the average concentration ob- 
served at the fixed point (x, y, z) is 
given by 


Xo(x, y> z) = 


2) 


( N(x, Y) X.(x, y, z) dy. 
ee (3) 
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Fig. 2. Assumed cross-wind distribution of 
concentration within the plume, xo, and the 
center-line position of the plume, N, at a 
fixed distance. 


Substituting for N(x, Y) and X,(x, 
», Z) from equations (1) and (2) 
and recognizing that Y = y — », in- 
tegration of equation (3) yields 





X7(x, y, 2) = 
Me. eee Gee (z z*r\\ 
\/2e OT 0: uP\ as o,. ¥ o*, f 
(4) 
when the continuity requirement 
io) io.) 
o=| fu X7(x, y, z) dz dy 
—oOo —d 
(5) 


is applied and o77 = o?y + o*.. 








(b) 


Fig. 3. The sampling equipment used to 
measure the vertical distribution of con- 
centration of fluorescent pigment particles 
emitted continuously from an elevated point 
source. (a) Complete assembly; (b) close- 
up of the impaction sampler. 








Equations (1) and (4) provide the 
mathematical models which may be 
used to evaluate experimental meas- 
urements. Note that in equation (4) 
the effects of diffusive mixing and of 
horizontal meandering of the plume 
on the average concentration meas- 
ured by a fixed observer are clearly 
separated. It now remains to deter- 
mine the dependence of o?x, o7., and 
o”, upon the distance from the source 
and the fluid motions. 


The Experimental Measurements 


Two rather different techniques 
have been used by the Atmospheric 
Physics Operation at Hanford in the 
determination of the horizontal and 
vertical variances necessary to an 
evaluation of equation (4). In order 
to evaluate o”x and o*, at various dis- 
tances up to 2000 ft. from the source, 
aerial photographs of a continuous 
smoke plume emitted from the 200-ft. 
level on the Meteorology Tower were 
taken from an altitude of 6000 ft. 
directly above the plume at 1-min. in- 
tervals for the duration of a steady 
stable meteorological condition. The 
aerial view of the smoke plume in 
Fig. 1 is one of these photographs. 

The vertical distribution of a 
fluorescent pigment emitted continu- 
ously from the 185-ft. level was meas- 
ured by an array of impaction sam- 
plers held aloft by a captive blimp. 
These samplers were kept in the cen- 
ter of the plume at a fixed radial dis- 
tance from the source. The impac- 
tion sampler used and a field assem- 
bly of this equipment are shown in 
Fig. 3. 

In the analyses of these measure- 
ments the visual width and the hori- 
zontal displacement of the centerline 
of the plume from the downwind axis 
defined by the mean wind direction 
were measured at 200-ft. intervals, 
from the source out to 2000 ft., from 
each photograph. From these meas- 
urements the variance of the horizon- 
tal displacement of the centerline was 
calculated from, 


=> (y—Y)! 
(6) 


where the summation extended over 
m observations of Y and the circum- 
flex indicates an estimated value. 
Estimates of the variance of the 
average distribution of concentration 
within the plume cannot be derived 
directly from measurements of the 
width of the plume but the following 
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Fig. 4. Estimates of the variances, oc*, or’, 
and o2° as a function of the distance from 
the source, X. 


approximate model permits a rough 
estimate of o”.. Let us assume that 
the effluent concentration within all 
plumes of equal width is on the aver- 
age uniformly distributed across the 
plume and is discontinuous at the vis- 
ual edge of the plume. Then the dis- 
tribution of relative concentration is 
given by 


Ww; 
2 
(7) 


Ww; 

sen 2 
where w; is the ith class interval of 
plume width w. Then the average 
relative concentration at » is given by 


Nn; 
X,(x, n, 0) «> — 
Wj; 

= Wi 


2 
(8) 
where n; is the frequency of w; and 
the summation is over all plumes with 
half-widths greater than ». The dis- 
tribution of X, along » can be deter- 
mined by repetitive use of equation 
(8) on the data while varying » and 


wr =X, ”? 


“= Ty 


Xoi co 


1 
pag for 7] = 


(9) 
the summation extending over all 
values of » for which X,. has been 
calculated. 

Evaluation of o?, can be done di- 
rectly from the values of relative con- 
centration observed at various 


heights. 


=X.(Z — Z)* 
2 A 





A 
o*, = 


(10) 


= XZ 


se and X, is the 


where Z = 


relative concentration observed at 
height Z. 

Appropriate confidence limits may 
be attached to the estimates of vari- 
ance derived from equations (6). 
(9), and (10) according to standard 


large-sample statistical techniques. 


Analyses of the Data 


The functional form of equations 
(1) and (4) is easily recognized as 
identical to the diffusion equations 
proposed by Roberts‘*), Sutton“), 
and Bosanquet and Pearson“). In 
each of these identity is established if 
it is assumed that the variances o”,, 
o*, and oz are a function of a power 
of the distance from the source. Then 
a test of the relationship 


(11) 


for each of these variances consti- 
tutes a test of these diffusion equa- 
tions, Since equation (11) plots as 
a straight line on log paper a ready 
check of this equation is obtained by 
plotting In o? versus In x. Such a 
plot for one experiment is shown in 
Fig. 4. The goodness of fit of the 
straight line to the plotted values of 
o”. and o? may be judged from the 
fact that the linear correlation of In 
o” on In x for these 2 curves is .994 
and .993, respectively. Equation 
(11) appears to give an adequate rep- 
resentation of the dependence of o?. 
and op on x. 


There is a very strong suggestion 
that o?, does not follow equation 
(11). Rather this variance appears 
to tend toward a constant, or a much 
reduced rate of increase, beyond 
x = 300 m. This observation is in 
agreement with visual measurements 
reported by Shorr‘) who concluded 
that p,— o beyond x ~ 300 m. is an 
acceptable first approximation to the 
true state of affairs. More experi- 
mental data are required to substan- 
tiate this point, but there appears to 
be little doubt that the diffusion be- 
comes progressively more anisotropic 
with increasing distance from the 
source. If this is the case, modffica- 
tion of Sutton’s equations by setting 
C, ~* C, but retaining a constant a 
cannot adequately represent diffusion 
in stable atmospheres since n = 2 — 
p and p, is neither equal to p, or pr 
nor is it a constant beyond x = 
300 m. 

Three measurements of the vari- 
ance of the vertical distribution of 


o* = ax? 
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6, aT x =1000° (m®) 








Fig. 5. Estimates of the variance of the 
vertical distribution of concentration, o.”, as 
a function of the Richardson Number. co,” 
measured at 1000 ft. downwind from the 
source. 


concentration at 300 m. from the 
source are shown as a function of the 
Richardson Number in Fig. 5. Again 
more data are required but the im- 
plication that this variance is a near- 
ly unique function of the Richardson 
Number is unmistakable. 

Turning now to the horizontal dis- 
tribution of concentration, values of 
the a and p coefficients and the square 
of the linear correlations for In o”.. 
In o*x, and In oy versus In x are 
shown in Table I for 16 experiments. 
In each case equation (11) is sub- 
stantiated, but a wide range of the 
diffusion coefficients obtains. On the 
basis of the wide variability of the p 
coefficients we may summarily reject 
the diffusion equations proposed by 
Roberts and Bosanquet and Pearson. 
Only Sutton’s equation admits a vari- 
able exponent on x. But note that 
pr varies from 1.39 to 1.93. This 
corresponds to a range of 0.61 to 0.07 
for Sutton’s n! Also, ay which is 
equal to 14 of Sutton’s diffusion co- 
efficient, C*,, varies from .009 to .268 
m.2—?. These wide ranges of the 
diffusion coefficients hardly permit 
the assignment of 1 or 2 pairs of val- 
ues which adequately portray all of 
the observed concentration distribu- 
tions. 

In order to assess the variability of 
the average concentration within 
these experiments, the axial concen- 
tration at x = 300 m. has been com- 
puted from equation (4) for each ex- 
periment. These values, appropriate 
to an emission rate of one gm./sec.. 
are listed in Table II. The ratio of 
the extreme values of X;/Q is about 
25, i.e., the average axial concentra- 
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TABLE | 
Values of r°(Ino*, In x), a, and p Derived for Each Experiment 









































(Confidence Limits Assessed At 92% Level). Units of a = m*”. 
nay rx an PN re a Pe rr ar | pr 
No. 
1-A .989 041 + .003 1.45 + .11 .987 054 + O11 1.33 + .L1 .991 093 + .013 | 1.39 + .09 
2-A .986 015 + .004 1.70 + 15 .989 .004 + .001 1.96 + .07 .999 .015 + .002 | 1.83 + .04 
3-A .990 .060 + .005 Att be .890 .023 + .024 1.37 + .34 .991 .067 + .016 | Kio = 32 
4-A .997 .019 + .008 1.64 + .08 .989 .017 + .004 1.63 + .12 .995 037 + 006 | 163 + .08 
5-A 985 022 + .003 1.48 + .20 .940 .023 + .012 1.47 + .26 985 | .044 + .012 | 148+ .13 
6-A .969 022 + .014 1.66 + .21 .973 .018 + .001 1.58 + .19 .976 038 + .014 | 166+ .18 
7-A .987 .001 + .000 1.99 + .16 .980 .020 + .006 1.43 + .14 984 | 009+ 003 | 1.72 + .16 
8-A .995 .002 + .000 1.93 + .08 .989 012 + .003 1.62 + .06 .996 027+ .005 | 189+ .04 
9-A .991 .019 + .004 2.00 + .14 .992 .018 + .004 154+ .10 | .999 | .011 + .002 78 12 
10-A .987 .260 + .056 1.39 + .09 .980 | .021 + .001 178+ .18 | .999 186 + .628 | 155 + .04 
1-4 | 958 | 278+ .040 | 151+ .22 | 996 | 020+ 000 | 172+ .08 | 975 | 268+ 010 | 155+ .18 
12-A .986 .056 + .016 176 35 | .987 | .007 + .002 192% 15. |. 994 | .059 + .014 1.80 + .10 
13-A | 989 | OO7 + 001 185+ 13 | .986 | .010 + .003 169+ 14 | .992 | .016 + .004 Les 
14-A 999 | .072 + .007 1.93 +.03 998 | .012 + .002 1.55 + .05 .999 077+ 014 | 193+ .04 
15-A | .963 | .007 + .001 1.80 + .25 .988 | .005 + .002 1.92 + 15 .987 010 + .003 | 1.88 + .15 
16-A | .984 | .088 + .025 1.55 + .14 .986 | .022 + .009 1.73 + .15 993 | .098 + .019 | 1.62 + .10 





tion at x = 300 m. is about 25 times 
greater in Field Test 7-A than that 
observed in Field Test 14-A. 

The diffusion coefficients listed in 
Table I are of course applicable only 
within the range of the observations 
from which they are derived, namely 
200 to 2000 ft. However, a rational 
extension of these results to greater 
distances may be made under the fol- 
lowing assumptions: 

(1) The value of X/Q at x = 300 

m. listed in Table II is correct. 

(2) Within the range 300 < x < 
3000 m. the diffusion is lim- 
ited to the horizontal cross- 
wind direction only and pro- 
ceeds as x -Pr/2. 

(3) Beyond x = 3000 m. the con- 
centration of the effluent ma- 
terial decreases as x * and the 
diffusion process is again 
wholly horizontal. 

(4) The meteorological and ter- 
rain conditions are uniform 
within the times and distances 
under consideration. 

The justification for these assump- 
tions of the dependence of the vari- 
ance, o”7, upon x, or the dependance 
of concentration upon x, may be 
sought in Taylor’s') theory of diffu- 
sion by continuous motions. Accord- 
ing to this theory o*7 is given by 


rs 


eeaee§ nee ae 


oO 0 


(12) 
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and when t is small, R(é) ~ 1, and 


er 
=x. 


(13) 


o*p = Vv? T? ~ 





t 


When t is large, ( R(é) dé > constant 


= K and 


v’? 


o*7 = v*® KT ~—ukx. 


(14) 


Thus, the appropriate exponent on x 
in equation (11) tends to 2.0 near 
the source and to 1.0 at large dis- 
tances. At intermediate distances the 
experimental values apply. 

The dependence of uX/Q upon x 
for 4 experiments, derived from ex- 





‘ uX 
perimental values for oe ai= 
TABLE II 


Values of Xr/Q At (x = 300 m., y = z= 0) 
For Each Experiment. (Units of X/Q: 























sec/m.*). 
Field Field 
Test X7/Q Test Xr/Q 
No. x10" No. x10 
9-A 3.49 1-A 1.60 
10-A 1.08 2-A 1.33 
11-A 0.84 3-A 0.71 
12-A 1.14 4-A 2.01 
13-A 1.38 5-A 1.25 
14-A 0.76 6-A 0.63 
15-A Ga tt TA] 0.88 
16-A 179 | ea | nl 
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300 m. and observed values of pr ac- 
cording to the above assumptions are 
shown in Fig. 6. Since, by the com- 
plete elimination of vertical diffusion 
beyond x = 300 m., there is a tend- 
ency to overestimate concentrations 
beyond this distance, these values may 
be considered conservative. Also, the 
limits of 300 and 3000 m. for the dis- 
continuous changes in pr are some- 
what arbitrary. However, this figure 
is probably substantially correct and 
illustrates very clearly the necessity 
for clear recognition of the strongly 
anisotropic nature of diffusion in sta- 
ble atmospheres. If it were assumed 
that o?, = a, x Pz and p, = pr even 
though a, ~ ay, the resultant esti- 
mate of concentration would decrease 


as x “Pr for all x and a very substan- 


‘ ; uX 
tial underestimate of —— would result. 


Q 
So far we have considered only the 
long-term average distribution of con- 
centration with regard to a coordinate 
system which is fixed with respect to 
the earth. In this system both vari- 
able transport (meander) and diffu- 
sive mixing contribute to the decrease 
of concentration with distance from 
the source. Since in stable atmos- 
pheres, the vertical distribution of 
concentration is independent of the 
horizontal cross-wind position of the 
plume we may evaluate the relative 
contribution of horizontal plume 
meander and diffusive mixing by con- 
sidering the ratio of the axial con- 

centrations X, and X>. 
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Fig. 6. Estimates of 
the decrease of axial 
concentration in con- 
tinuous plumes emitted 
from an elevated point 
source as a function of 
the distance from the 
source. Range of ob- 
servations: 60 to 600 
m. 
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Values of a for 16 experiments are 
T 

listed for 3 distances from the source 
in Table III. The average axial con- 
centration within the plume is as 
much as 8 times the average axial 
concentration in the fixed coordinate 
system but is generally only 114 to 
3 times greater. 


Potential Hazards and Benefits 


The emission of potentially harm- 
ful contaminants into stable atmos- 
pheres poses a somewhat paradoxical 
situation with regard to the height 
of release. If the material is released 
at or near ground level the presence 
of stable temperature stratifications is 
an undesirable situation since the low 
diffusive capacity of the atmosphere 
and generally low ventilation rates 
permit the existence of relatively high 
concentrations and dosages. How- 
ever, if the material is emitted at sub- 
stantial heights above ground level 
the problem of high concentrations 
near the source is obviated by the 
fact that the material does not come 
to ground level so long as the stable 
temperature stratification persists. 


of APCA 


10% 
xX (m) 


The absence of significant ground 
level concentrations near the source 
makes the stable case a very tempting 
one insofar as disposal of stack gases 
is concerned. This advantage is not 
to be had without cost, however, and 
the price that must be paid is the po- 
tential for relatively high concentra- 
tions at distant points. The establish- 
ment and dissipation of stable tem- 
perature stratifications follows essen- 


TABLE III 


The Ratio Xc/Xr At 3 Distances 
From The Source. 





Field Test | Distance from Source (m.) 





No. 200 m. | 400 m. | 600 m. 





1-A 1.54 1.57 1.59 
2-A 1.39 1.34 1.31 
3-A 4.76 5.45 6.53 
4-A 1.51 1.51 1.51 
5+A. 1.42 1.42 1.42 
6-A 1.69 1.73 1.78 
7-A 1.41 1.56 1.67 
8-A 3.03 3.33 3.54 
9-A 1.50 1.65 1.76 
10-A 1.62 1.50 1.49 
11-A r 227 2.21 2.15 
12-A 2.11 2.01 1.97 
13-A 1.62 1.68 1.72 
14-A 6.77 7.7), 8.29 
15-A 2.17 2.09 1.88 
16-A 1.59 1.51 
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tially a diurnal cycle and with the dis- 
sipation of the temperature inversion 
the effluent material is generally 
mixed to ground level. This process, 
termed fumigation by Hewson“), 
may occur at distances of the order 
of tens of miles from the source when 
the effluent has been carried to these 
distances in a stable atmosphere. 


The processes of fumigation are 
not yet well specified, primarily be- 
cause the changeover from stable to 
unstable temperature stratifications 
is frequently accompanied by marked 
changes in the motions of the lower 
atmosphere. However, as a useful 
model we may assume, with Hewson, 
that the effluent material is uniform- 
ly mixed from its initial height to 
ground level at the site of the fumi- 
gation. Then the concentration at 


ground level is approximately —<°- 


times the concentration prior to mix- 
ing, where H is the height of the cen- 
terline of the plume segment and Z, 
is a representative measure of the ver- 
tical thickness of the plume prior to 
the onset of fumigation. Since the 
time required for mixing of the ef- 
fluent to ground level is not long 
enough to include an appreciable 
fraction of the period of the long- 
term meander of the plume, the initial 
concentration in the plume is best ap- 
proximated by X.. Then a repre- 
sentative measure of the ground level 
concentration during the fumigation 
process is given by 


XG = Xe 
(16) 


= _ Ly 

The ratio H 
plume is brought directly to ground 
level) and for normal stack heights 
this ratio is probably seldom less 
than about 45. Assuming the upper 
limit, the ground level concentration 
at x = 10 km. during fumigation in 
connection with Field Test 7-A can 
be approximated by 


is, at most, one (the 


17~& x 10-3 
u 
(17) 


Whether or not this concentration is 
hazardous depends upon the permis- 
sible limits for the effluent material 
at the site of the fumigation. 
Estimates of ground level concen- 
tration derived by these methods are 
of course applicable only to longer- 
term averages, (the case of chronic 
exposure). For very short-term aver- 
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age concentrations (acute exposure) 
the effluent concentration in individ- 
ual pufis must be considered and 
these may exceed the longer-term 
average concentrations by an order 
of magnitude or more. 


Conclusions 


The foregoing observations of the 
diffusion and transport of stack ef- 
fluents in stable atmospheres provide 
several significant pieces of informa- 
tion: 

(1) The concentration of stack 
effluents, when measured 
over a grid fixed with re- 
spect to the ground, is de- 
creased significantly by 
large-scale meander. The 
large-scale motions which 
induce plume meander must 
be taken into account when 
specifying this distribution. 

(2) The diffusive capacity of 
stable atmospheres is quite 
variable from one time to 
another and no single set of 
diffusion parameters can be 
assigned to stable atmos- 
pheres per se. 

(3) Sutton’s diffusion model ap- 
pears to be adequate for the 
specification of the horizon- 
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tal diffusion rate but fails 
in the specification of the 
vertical diffusion rate. This 
failure causes Sutton’s mod- 
el to underestimate the con- 
centration at moderate and 
large distances. 


(4) The vertical distribution of 
concentration appears to 
depend strongly upon the 
Richardson Number. 

The selective emission of stack 
wastes into stable atmospheres must 
be approached cautiously since the 
advantages of low ground-level con- 
centrations near the source may be 
offset by relatively high concentra- 
tions at more distant points. 
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Design and Interim Meteorological Evaluation of a 
Community Network for Meteorological 
and Air Quality Measurements* 


J. M. LEAVITT, F. POOLER, JR., AND R. C. WANTA 


An air quality and meteorological 
measuring network was designed and 
installed at Louisville, Kentucky in 
connection with a joint study of air 
pollution undertaken by city, Jeffer- 
son County, state, and federal agen- 
cies. The study was centered in a 
neighborhood consisting essentially of 
presumed source and principal recep- 
tor areas. The main source area of 
interest was considered to be a con- 
centration of large industrial plants 
located in an industrially zoned area 
on the southwest side of Louisville. 
This area, because of its development 
as a wartime synthetic rubber manu- 


* Presented at the 50th Annual Meeting 
of the Air Pollution Control Association 
held at St. Louis, Mo., June 2-6, 1957. 
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facturing center, is known as Rubber- 
town, The principal receptor area 
was considered to be the so-called 
West End residential area, north and 
northeast of Rubbertown. Objectives 
of the study included the determina- 
tion of (1) air quality in the principal 
receptor area and in secondary areas 
of interest within the community, 
(2) source areas of pollution found 
in the principal receptor areas, and 
(3) the fraction of the pollution found 
in the principal receptor area con- 
tributed by the presumed main source 
area. The network design, based on 
the objectives of this particular study 
as well as several meteorological con- 
siderations, appears to be adequate 
enough to provide significant descrip- 
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(Above) Fig. |. Meteorological and Air Quality Measurement Net- 
work at Louisville, Kentucky. No. 7 is located in Rubbertown. No. 


1, 4, 5, 6 and 9 are in the West End. 


(Right) Fig. 2. 
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tive data concerning air flow and air 
quality patterns. 


Network Design—General 


The design of the air quality and 
meteorological network resulted from 
four basic considerations. The first 
was the relative locations of the pre- 
sumed main pollution source and re- 
ceptor areas (Fig. 1) which were to 
be given special attention in the study. 
Accordingly, the main axis of align- 
ment of the network coincided with 
the axis linking these source and re- 
ceptor areas (Fig. 1). Air quality 
and meteorological network stations 
were concentrated in and around 
these 2 areas. 
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The second consideration in the 
network layout was the expected fre- 
quency of winds from various direc- 
tions. The wind direction is an ob- 
vious primary determinant of the di- 
rection of the transport of pollutants. 
From a study of existing Weather 
Bureau records of the Louisville area, 
the frequency of winds favorable for 
air transport from the main source 
towards the principal receptor area 
was expected to be reasonably high. 
In fact, the appropriate wind direc- 
tion was frequent enough so that nei- 
ther special precautions nor an un- 
usually tolerant attitude toward low 
efficiency in air quality measurement 
would have to be adopted. 

Topography was the third consid- 
eration. Topographical features (Fig. 
2) were noted in order to determine 
whether local anomalies might be ex- 
pected because of surface features. 
Some channeling of the air flow was 
expected because of the ridge west of 
the river and the point of high ground 
projecting towards the main study 
area from the south (Fig. 2). Other 
less obvious features probably would 
influence the flow, These influences 
were expected to enhance the fre- 
quency of winds in the direction of 
the network alignment. 

The fourth consideration involved 
source-receptor spacing. Air trans- 
port and diffusion processes occurring 
between pollutant source and receptor 
vary depending upon time and space 
factors. However, no complications 
were foreseen from this cause. The 
logical reasoning used in defining the 
source and receptor areas probably 
eliminated difficulties that would 
have occurred in a more complicated 
situation. 

Consideration of these four points 
led to a network design consisting pri- 
marily of a main alignment axis link- 
ing the presumed main source area 
and the principal receptor area. The 
air sampling points were located pri- 
marily along this axis, with the points 
of meteorological measurement brack- 
eting this region in a loose array. 


Network Design—Sector Information 


One of the design features included 
the provision for greater detail of in- 
formation concerning air flow from 
the main source toward the principal 
receptor area. For this purpose three 
air sampling stations (No. 4, 5, and 
6 — Fig. 1) were located on the inner 
arc. The middle station, No. 5, was 
sited on the main axis, and the 2 
flanking stations were sited at points 
about 20° of azimuth to either side 
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of the axis as viewed from the source 
area. The spacing of these stations 
was intended to provide the widest 
sector coverage feasible without the 
pollutant plumes avoiding detection 
by passing between stations. The 3 
stations were approximately equally 
spaced to improve later estimate of 
the cross-wind gradients of concen- 
tration. 


Network Design—Range Information 


Within the same sector of main 
interest, an air sampling station was 
located on the outer arc along the 
principal axis of the network (No. 1 
— Fig. 1). This station was estab- 
lished to provide measurements of air 
quality at a point approximately dou- 
ble the distance of the inner arc from 
the main source area. In the origi- 
nal design, the location of flanking 
stations on the outer instead of the 
inner arc was considered equally use- 
ful, The adopted locations (No. 4 
and 6) on the inner arc prevailed for 
practical reasons. Comparative meas- 
urements between stations on the 2 
arcs within the primary sector would 
provide information on the variation 
of surface concentrations with dis- 
tance, when the transport was down- 
wind from the main source area and 
parallel to the main axis of the net- 
work. The distance to the nearest 
sampling stations on the inner arc 
(about 2 miles) was greater than the 
calculated average distance of maxi- 
mum concentration (even from the 
taller individual sources in the prin- 
cipal source area) during lapse or un- 
stable conditions. Therefore, it would 
be possible to compare measured and 
predicted decrease of concentration 
of particular pollutants with distance. 


Network Design—Control Information 


The determination of air pollutant 
emissions which are locally control- 
lable within a community depends on 
the determination of pollutant con- 
tained in the mass of air prior to its 
arrival over the community. In or- 
der to determine the air quality in the 
primary network sector unaffected by 
emissions from the main source area 
during periods of wind flow along the 
principal axis of the network, a sta- 
tion (No. 3 — Fig. 1) was located 
near the axis at a point on the outer 
arc beyond the main source area as 
viewed from the receptor area. Air 
quality at this station could be com- 
pared with that in the principal re- 
ceptor area to estimate the contribu- 
tion of pollution from the main source 
area. 
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Network Design—Comparison And 
Prediction Factors 


All of the air sampling stations 
were sited at one of two distances 
from the main source area. This 
made it possible to compare measure- 
ments from any of the stations on a 
common arc without the added com- 
plication of large variations in dis- 
tance from the presumed source. 
Measurements at stations on the inner 
arc (No. 4, 5, and 6) during suitable 
periods could be compared, and meas- 
urements of air quality at stations on 
the outer arc (No. 1, 2, and 3) could 
likewise be compared. This would 
afford an internal check on the va- 
lidity of the results obtained. Thus. 
conclusions drawn from study and 
analysis of the data from the concen- 
trated grouping of stations 1, 4, 5, 
6, and — to some extent — 2 with re- 
spect to the main source area could 
be used in making predictions, which 
would be susceptible to internal check 
at stations 2 and 3 under appropriate 
meteorological conditions. Station 2 
was intended to be located approxi- 
mately equidistant from both the 
given main source area and an indus- 
trial concentration in another part of 
the city. This made it possible to 
make a comparison of still a different 
kind, although for practical reasons 
the actual location of station 2 was 
some 20° of arc south of the optimum 
position. 


Network Design—Operating 
Schedule 


The network was designed to op- 
erate on a continuous schedule, with 
at least one common pollutant meas- 
urement at all air sampling stations. 
Three reasons for this requirement 
may be given: (1) The normal vari- 
ability of meteorological conditions 
often means that the largest practi- 
cable number of data are desirable to 
define the mean for any given set of 
conditions; (2) any kind of inter- 
rupted data collection scheme is likely 
to introduce a bias in the data col- 
lected that is difficult to define; and 
(3) continuous or serial measure- 
ments can provide the elements of a 
controlled experiment through selec- 
tion of data for analysis, 


Network Design—Air Sampling 
Stations 


The air sampling stations were sites 
for the measurement of a variety of 
air pollutants. The instrumentation 
has been largely described elsewhere. 
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Fig. 3a. Winds During Periods of High and Low Particulate Concentrations at Stations |, 


2 and 3 in June 1956. 


Fig. 3b. Winds During Periods of High and Low Particulate Concentrations at Stations 4, 5 


and 6 in June 1956. 


For the present purpose, this instru- 
mentation may be summarized as fol- 
lows: The common measurement at 
all air sampling stations referred to 
above was the weight of particulate 
material/unit volume of air flow as 
collected by high-volume samplers. 
These samplers drew about 25,000 
ft.3 of air/run through a 63 in.? fil- 
ter area. The samplers operated con- 


of APCA 


tinuously for three 8-hr. periods daily, 
beginning at about midnight, 8 a.m., 
and 4 p.m. The material collected by 
the samplers was further analyzed for 
benzene soluble fractions, as well as 
in other ways. In addition, continu- 
ous measurements of soiling index 
and SQ. concentration were obtained 
at several locations. Other air quali- 
ty measurements included dust-fall 


213 


and selected gases. Only concentra- 
tion of particulate matter — that is, 
weight of particulate matter caught 
on the filter/unit volume of air flow 
— will be discussed here. 


Network Design—Meteorological 
Stations 


The primary purpose of meteoro- 
logical measurements in this study 
was to determine patterns of air flow, 
and only incidentally to describe the 
behavior of any one meteorological 
element at any one point. It was, 
therefore, unnecessary to have a one- 
to-one correspondence between air 
quality sampling stations and points 
of meteorological measurements. The 
surface wind measuring stations were 
located in more or less an A pattern. 
straddling the point of high ground 
projecting towards the study area 
from the south. Stations 3 and 12 
form the bases of the A and station 
1, the apex; stations 7 and 8 com- 
pleted the pattern. Station 7 was a 
pre-existing installation of E. I. Du- 
Pont de Nemours and Company, from 
which data were made available for 
this study. Station 11, the WHAS- 
TV tower, was equipped with wind 
instruments mounted at the 524 ft. 
level. Thus, a measure of wind rela- 
tively uninfluenced by details of the 
underlying surface is also obtained. 

Stations 9, 10, and 13 were solely 
hygrothermograph stations. Station 
9 was located near the river, while 
No. 10 and 13 were located at com- 
paratively high surface elevations. 
Stations 1, 3, and 8 were also 
equipped with recording hygrother- 
mographs. Hourly readings for all 
standard observed weather elements 
were available from station 12, the 
Weather Bureau Airport Station. Sta- 
tion 1 was equipped with a recording 
radiometer. Stations 1 and 8 were 
equipped with recording rain gages. 
This layout, taken together with upper 
air soundings at Peoria, Dayton, 
Nashville, and other nearby weather 
stations, was intended to provide data 
on the interrelated air flow and tem- 
perature patterns over the study area 
on a meso-meteorological scale. 


Evaluation of Design Features 


Of the features incorporated into 
the network design, those of sector 
information and operating schedule 
will be given some elaboration here 
by way of example. 


Sector Information 


Sampling stations 4, 5, and 6 (Fig. 
1) were arrayed normal to the main 
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network orientation to detect the 
stream of air passing from the prin- 
cipal source area to the receptor area 
of interest. 

The question may be asked: Are 
there occasions when the stream of 
presumably pollutant-laden air from 
the principal source area passes be- 
tween or around these stations and 
reaches areas beyond, with no in- 
dication of this air stream at any of 
the closer stations? A comparison 
of measurements at station 1 with 
those obtained at 4, 5, and 6 can 
provide a qualified answer to this 
question. The data for the months of 
June, July, August, and October of 
1956 were examined to find cases 
where (a) total particulate concentra- 
tion at station 1 was higher than at 
4, 5, or 6; and (6) the air flow was 
from the principal source area toward 
station 1. Fourteen cases, or approx- 
imately 4% of the sampling periods, 
were found to satisfy both require- 
ments. Twelve of these occurred dur- 
ing the morning or evening periods, 
with indications of a stable lower at- 
mosphere. For these cases, a rea- 
sonable assumption of diffusion para- 
meters leads to the prediction that the 
maximum ground concentration from 
the elevated sources in the source 
area should occur near and beyond 
the more distant sampling station. 
On this basis, it is considered likely 
that the stream of air carrying the 
pollutant passed over the near stations 
rather than between them. Of the 2 
daytime cases, the concentrations of 
particulate material at the more dis- 
tant station were hardly the same 
(4% higher) as at one of the nearer 
stations; the difference is within the 
estimated sampling error. An es- 
timated 25 daytime cases of flow 
along the axis occurred during the 
months considered. Only these 2 
equivocal cases, or 8% of the total, 
would tend to disprove the hypothesis 
that the inner arc of stations detects 
the pollutant-laden air stream. It is 
concluded that the inner arc of sta- 
tions did function as a detective 
screen in at least 90% of the cases 
in which it would be expected to do 
so, disregarding possible complica- 
tions from unknown sources. 

A qualitative inference regarding 
the presence of sources outside the 
main source area may be drawn from 
a comparison of monthly median con- 
centrations of particulate matter at 
stations 1 and 5. The calculated de- 
crease of concentration with distance 
from a specific source under lapse 
conditions tends to approach the 
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Fig. 4. Winds During Night-time Periods of High Particulate Concentrations at Station 5 in 


July 1956. 


reciprocal of the distance squared, 
over the range of distances here con- 
sidered. For all 3 sampling periods 
of the day, the 3 median concentra- 
tions at station 1 average only slight- 
ly lower than those for station 5, 
ranging from 76 to 106% of the sta- 
tion 5 median values. This is true 
even for those months and periods 
during which the air stream from the 
Rubbertown source area was most 
frequently along the main network 
axis towards stations 5 and 1.* It 
seems then that one must reckon with 
sources outside the main source area. 


Operating Schedule 


The utility of this design feature 
can be demonstrated by two related 
examples of analysis. 

Given a continuous series of meas- 
urements, the sampling periods of in- 
terest may be defined as those in 
which the more extreme values of 
air quality were measured. Accord- 
ingly, for each month, and each of 
the 3 sampling periods/day, the 8 
(out of 30) periods of highest and 
lowest particulate concentration meas- 
ured at each sampling station were 
selected. The common measure at 


* This condition was considered to exist 
whenever the station 5 median concen- 
tration exceeded the concentrations at 
the flanking stations 4 and 6. 
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all stations provides the means for a 
direct comparison of air quality be- 
tween stations of the network. The 
observed winds were taken from the 
nearby surface wind station network 
and tabulated to provide an approxi- 
mation of the surface air flow at the 
sampling stations during these 24 
periods of high and low concentration 
during the month. 


The patterns for June 1956 (Fig. 
3a and 3b) were obtained by the 
method described. At all stations, the 
periods of high pollutant concentra- 
tion were associated with winds pre- 
dominantly from the northeast or 
southwest quadrant. Wind direction 
frequencies for periods of low con- 
centration show a considerable over- 
lapping with direction frequencies for 
periods of high concentration, al- 
though generally northwest winds 
were more frequently associated with 
low concentrations, and_ easterly 
winds (northeast at station 2) oc- 
curred primarily with high concen- 
trations. These tendencies reflect 2 
factors: (1) Locally, the position of 
urbanized areas with respect to the 
sampling stations; and (2) on a 
larger scale, the well-known tendency 
through the east-central United States 
for unstable northwest winds to occur 
following cold frontal passages, 
whereas easterly winds occur most 
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Fig. 5. Winds During Night-time Periods of High Particulate Concentrations at Station 5 in 


October 1956. 


often during or following the passage 
of centers of high pressure, with as- 
sociated light winds and stability of 
the air mass. 

At stations 4, 5, and 6, (Fig. 3b) 
the particular direction of maximum 
frequency in the southwest quadrant 
shifts from slightly west of south at 
station 4 to west-southwest at station 
6. This change of direction could in- 
dicate a source region for the sub- 
stance being measured, although more 
information is obviously needed to 
resolve the point. The attenuation 
of the lobe of northeasterly winds at 
5 during these periods of high con- 
centration is not clearly understood, 
although the distribution of nearby 
sources and the predominance of the 
southwestern quadrant are plausible 
causes. 

Data for July 1956, a month of 
prevailing southwesterly flow, has 
been used to show a different type of 
information (Fig. 4). Defining pe- 
riods of interest as before to be those 
in which the more extreme values of 
air quality were measured, the air 
flow during periods of interest can 
be described. Sixteen sampling in- 


tervals of highest total particulate 
concentration measured at station 5-8 
from each of the 2 sampling periods 
1600-2400 and 0000-0800 — were se- 
lected, and the hourly winds observed 
at all the wind stations were tab- 
ulated. 

The wind direction frequencies at 
station 11, the TV tower, most nearly 
represent the general flow of air over 
the area. Station 3 shows almost half 
the winds from the single direction, 
south-southwest; and station 1 shows 
a similar grouping, centered between 
south-southwest and southwest. 

At station 12, however, a third of 
the winds were from the southeast or 
south-southeast. The winds at sta- 
tions 1, 7, and 3 exhibit channelling 
by the river valley, while the south- 
east winds at the airport station are 
believed to be the result of the com- 
bined influences of topography and 
thermal differences between the urban 
and nonurban areas. 

The 16 sampling periods of high 
concentration at the same station and 
for the same times of day were also 
selected for the month of October 
(Fig. 5). This month was choseri be- 


cause the dominant flow was from a 
northeasterly direction, as shown by 
the 525 ft. (TV-tower) wind observa- 
tions. The airport station (12) again 
showed an anomalous lobe of south- 
east winds, while station 1 showed a 
maximum frequency from the north- 
northeast and north. Station 3 
showed no single preferred direction, 
although the northwest quadrant was 
dominant. These differences in wind 
direction from one station to another 
during the night-time periods when 
pollutant concentrations are high at 
station 5 illustrate that no single di- 
rection of air motion applies over the 
whole area of the network. 

These examples of analysis serve to 
show (1) certain significant associa- 
tions between wind direction and air 
quality, and (2) air flow patterns 
that exist during periods of particular 
interest. It would have been difficult 
to attain similar results if any sort of 
pre-selection of sampling periods, by 
meteorological or other means, had 
been employed. 


Summary 


An air quality and meteorological 
measuring network was designed to 
serve particular needs in the study of 
air pollution in the city of Louisville, 
Kentucky. Preliminary results in- 
dicate that the network data do qual- 
itatively describe the air flow and air 
quality patterns. This qualitative un- 
derstanding was necessarily prelimin- 
ary to more quantitative descriptions. 
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Estimation of Water Soluble Chlorides, Sulphates, 
and Nitrates in Suspended Atmospheric Dusts* 


CHARLES GELMAN 


Special Air Pollution Study of Louisville & Jefferson County 


As part of a program of atmos- 
pheric dust identification’ it was de- 
sired to determine the amount of 
water soluble chlorides, sulphates, and 
nitrates in these dusts. The dusts ex- 
amined were air suspended material 
collected on filter paper by use of a 
high volume air sampler. Early in 
the study it was found that some 
methods widely in use for this type of 
determination sometimes gave erro- 
neous results when applied to Louis- 
ville samples. 


The present report will deal with 
modification of sampling technique. 
changes in methods for chloride and 
sulphate determination and with a 
method for the estimation of nitrates. 


Sampling 


Suspended dusts are collected from 
air using an air mover similar to that 
on a vacuum cleaner. The dust sam- 
ples are collected on a flat sheet of 
filter paper. Initially glass fiber fil- 
ter paper was used as the col- 
lecting medium. These papers are 
made using a resin binder and then 
flash fired to remove the binder. The 
batch of papers we first received was 
relatively free from soluble chlorides, 
sulphates and nitrates. Later batches 
of paper were found to be extremely 
high in water soluble chloride. The 
quantities of these materials initially 
present in paper were larger than 
the amount of material which 
would be found in a typical air 
sample. The variation in amounts of 
chloride between different sheets 
within the same batch was also high. 
The manufacturer explained the 
change as resulting from the use 
of a different grade of glass fiber. 
Subsequent glass fiber papers sent 
us were represented as being low 
in chloride content, however, the val- 
ues were high enough to make these 
papers unacceptable for our use. 


* Presented at the 50th Annual Meeting 
of the Air Pollution Control Association 
held at St. Louis, Mo., June 2-6, 1957. 
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Table I gives a summary of materials 
found in different batches of glass 
paper. These batch designations are 
our own and don’t correspond to pro- 
duction batches. 


The sampling medium was changed 
to Whatman #41H filter paper. This 
paper generally exhibits good physi- 
cal characteristics for dust sampling 
although it may develop high resist- 
ance to air passage under high load- 
ing conditions’ *), Type 41H pa- 
per was found to be low in benzene 
solubles, water soluble chlorides, sul- 
phates, and nitrates (Table I). The 
major difficulty encountered in the 
use of the paper was in weighing it. 
Since cellulose is hydroscopic, sig- 
nificant variations in weight of a 
sheet of paper with relative humidity 
are noted. This variation was mini- 
mized by keeping the relative humidi- 
ty of the balance room at constant 
humidity. This was inexpensively ac- 
complished by use of a dehumidifier, 
humidistat, water spray, and relay. 
Since 41H paper is considerably less 
expensive than glass paper the savings 
in cost of paper have paid several 
times in a year for the humidity con- 
trol equipment. The balance room 
was air conditioned during the sum- 
mer because of the heat developed by 


the dehumidifier. 


Extraction 


It is necessary to first remove or- 
ganic materials from samples before 
determining water soluble inorganics. 
With both 41H and glass paper low 
values of water soluble anions were 
found if some of the organic materi- 
al was not first removed by benzene 
extraction. Apparently tarry materi- 
als collected in air samples inhibited 
the solution of inorganic salts in 
water. Removing the organic mate- 
rials by firing the samples at 500- 
600°C, was not a satisfactory pro- 
cedure. On both types of paper loss 
of sample occurred. On glass paper, 
chlorides were lower after firing the 
organics in a sample than the blank 
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sheet before firing. The inorganic 
salts may fuse to the glass fibers in 
the paper even at this comparatively 
low temperature, to become water in- 
soluble. In cases where it is neces- 
sary to use glass paper it would ap- 
pear preferable not to fire paper to 
remove organics because of possible 
losses in inorganics. A similar loss 
was noted when firing samples col- 
lected on 41H paper. In this case the 
materials of interest may combine 
with silica present in samples and 
other chemicals to form insoluble 
glasses. : 

The reader is referred to articles 
by Keenan) and Silverman“) for 
alternate procedures of sample treat- 
ment. 


Preliminary Treatment 


Spectrographic analysis of dust 
samples have sometimes shown the 
presence of large amounts of iron, cal- 
cium, copper, and lead as well as oth- 
er metals in lesser quantities). Some 
of these cations interfere with pro- 
cedures later described. An ion ex- 
change resin is used for their removal. 


The procedure adopted for the ex- 
traction of water soluble inorganics is 
as follows: (1) 14 sheet of sample 
paper is extracted with benzene in a 
soxhlet extractor for 6 hr. (2) the 
sample is dried by evaporation (3) 
50 ml. distilled water are added to 
the sample in a wide mouth erelmeyer 
flask (4) this is brought to a boil and 
simmered for 5 min. with gentle agi- 
tation (5) the extract is filtered 
through previously washed 41H pa- 
per and the extraction is repeated 
with a second 50 ml. portion of water 
(6) the volume is adjusted to 100 ml., 
approximately 1 g. of Amberlite IR- 
120(H) is added and the solution al- 
lowed to reach equilibrium overnight 
(7) portions of the extract are de- 
canted for use in analysis as later out- 
lined. 


Chloride Determination 


The use of a silver turbidimetric 
procedure ®) for estimation of chlo- 
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ride resulted in values high as com- 
pared with a mercurimetric titra- 
tion, Since the presence of sul- 
phide in our samples was indicated, it 
was felt the high results could be ex- 
plained by the formation of silver sul- 
phide. The mercurimetric proce- 
dure‘) was adopted since there ap- 
peared to be less interferences and 
the procedure is more convenient and 
rapid. In this procedure 50 ml. of 
the water extract was treated with 3 
drops of 30% hydrogen peroxide and 
the solution then titrated with mer- 
curic nitrate using a diphenylcarba- 
zone indicator. The peroxide treat- 
ment is necessary to oxidize any sul- 
phites present in the sample. Ferric 
ions will interfere in this procedure 
but are removed by the preliminary 
treatment of the extract with ion ex- 
change resin. 


Sulphate 


The water soluble sulphates are de- 
termined using a modified turbidi- 
metric procedure’, Some difficulty 
was encountered because of a yellow 
coloration of water extracts which led 
to high values in the turbidimetric de- 
termination. The resin treatment of 
the extract effectively removed this 
color. The color may have been the 
result of ferrous chlorides present as 
such or formed from ferrous sulphide. 
The initial water extracts did show 
large amount of ferrous ion present. 
On standing, a solution of ferrous sul- 
phide and sodium chloride develops 
the same color as was found in our 
samples presumably due to the dis- 
sociation of FeS to form FeCls. The 
color in extracts of air samples be- 
came similarly more intense on stand- 
ing. 

In the sulphate determination 10 
ml. of sample extract are added to 10 


OH OH 
/\-CHs NOs 
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ml. of water in a LUU ml. erlenmeyer 
flask. To this is added 1 ml. of 10 N 
HCl and 1 ml. of a 1 to 2 glycerin 
alcohol mixture. The solutions are 
mixed and the flask placed on a ro- 
tary agitator. Approximately 0.25 g. 
of barium chloride is then measured 
into the flask with an appropriately 
sized scoop and the flask shaken for 
1 min. About 12 samples may be 
conveniently handled at one time. 
After 40 min. the optical density is 
determined at 500 ». A Spectronic 
20 colorimeter and 1 in. cuvettes were 
used. A calibration curve from known 
amounts of sulphate is determined in 
a similar manner in the range of 100- 
1000 mmg. in 10 ml. of solution. If 
total sulphur as sulphates is desired 
the sample may be first treated with 
some bromine water, the solution 
heated to expel excess bromine and 
the sulphate determination made as 
above. The uniform shaking with a 
mechanical agitator was found nec- 
essary to obtain reproducible results. 


Nitrates 


Several methods were examined for 
the determination of nitrates, The 
phenyldisulphonic acid method ‘*) and 
the 1,4 xylenol method ®) depend on 
the formation of nitrated derivatives 
in the presence of nitrates. In the 
presence of nitrites not only the nor- 
mal nitrated derivatives are formed 
but also complex quinoid structured 
compounds “!®), In the 1,4 xylenol 
procedure the nitrated derivative is 
concentrated in toluene by extraction 
and then extracted in a caustic solu- 
tion as the sodium salt. Using nitrite 
in place of nitrate in this procedure 
one finds that the caustic will extract 
only part of the compounds from the 
toluene layer. The reaction in this 
procedure normally proceeds as fol- 
lows: 
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Fig. |. 


In the case of nitrite in addition to 
the above type of reaction other reac- 
tions also take place. Probably the 


nitrite reacts to give the following 
quinoid type compound as at least one 
product: 


CHs ¢. a ees . Y-CHs 
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Fig. 2. 


In the presence of nitrite, results in 
the above determination are high 
(Table II). Assuming a molar reac- 
tion in the same manner as nitrate 
the results are 16% lower than theo- 
retical as would be expected because 
of the competing reactions. Table II 
also lists other interferences in this 
method. The presence of sulphide 
and sulphite lead to low results. Col- 
ored organic compounds such as pic- 
ric acid which are not removed by the 
extraction procedure will lead to high 
results. 

The difficulties in obtaining accu- 
rate results in the presence of nitrites 
were viewed as important. Although 
it was found that in most instances 
the amount of nitrite present in a 
given sample was only 1-2% of the 
amount of nitrate present, some sam- 
ples did show nitrite as the predomi- 
nant of the two. Since in this work 
we were interested in the unusual 
rather than the average this short- 
coming of the 1,4 xylenol method was 
of major concern. 


Reduction & Diazotization 


The determination of nitrate by 
first reducing it to nitrite and deter- 
mining the amount of nitrite has been 
proposed by several investigators. 
Bray ‘'!) suggested the use of zinc and 
manganous chloride at a pH of 2.0 to 
effect this reduction. Woodward '?) 
recommended the use of zinc at a pH 
of 4.0-5.0. Nelson“'®) reported a 
procedure for determination of ni- 
trates in soil using the method sug- 
gested by Bray for reduction. This 
method used sulphanilic acid and 
alpha naphthylamine for detection of 
nitrite. The method is subject to 
many interferences‘'*) and was found 
difficult to reproduce. 


The method developed for the de- 
termination of nitrate is based on the 
reduction of nitrate to nitrite, forma- 
tion of a diazonium derivative of 
benzenesulphonilamide and then cou- 
pling to form a diazo dye. The op- 
timum conditions for the latter re- 
actions are discussed by Shim‘!®’. 


Procedure for Nitrate Estimation 
Reagents 


Dry Reduction Powder: Mix to- 
gether 3.5 g. of purified dia- 
tomaceous earth, 0.66 g. man- 
ganous sulphate, and 0.4 g. fine- 
ly powdered zinc. 

Buffer: Dilute 21 g. citric acid 
and 1 ml. conc. HCl to 1 /. with 
distilled water. 

Sulphanilamide: To about 500 
ml. distilled water add 30 ml. 
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conc. HCl, add 3 g. of p-benzene- 
sulphanilamide and dilute to 1 I. 
with water. This reagent is pre- 
pared daily. 

Dye solution: Dissolve 25 
mg. N(1-Naphthyl) -ethylenedia- 
minedihydrochloride in 25 ml. 
water. The concentration of this 
reagent is not critical and solu- 
tion is made with an appropriate- 
ly sized scoop. The solution is 
prepared immediately prior to 
use. 


Resin: Amberlite IR 120(H). 


Determination 


To 10 ml. of buffer solution add 1 
ml. aliquote of extracted sample pre- 
viously treated with resin. Add 1 
scoopful (50 mg.) of reduction pow- 
der. Swirl on mechanical agitator 
for 1 min. Filter through good grade 
of filter paper into a cuvette contain- 
ing 10 ml. sulphanilamide reagent. 
Wash with 5 ml. water. Add 1 ml. 
dye solution to cuvettes and mix thor- 
oughly. Allow color to develop at 
least 2 min. and then determine op- 
tical density at 545 ». Run blank 
sample and subtract value from un- 
knowns. 


A standard curve is prepared using 
known amount of nitrates. Using a 
Spectronic 20 with 1 in. cuvettes a 
satisfactory curve is obtained in the 
concentration range of 2-75 mmg. as 
nitrate in 1 ml. of sample. It was 
found convenient to determine 12 
samples at one time. The dye solu- 
tion was prepared before each series 
of determinations. It is possible for 
a laboratory technician to determine 
about 100 samples in a day. 

Large amounts of iron and calcium 
and trace amounts of lead interfere 
with this procedure. The preliminary 
treatment of samples with the ion ex- 
change resin effectively removed these 
interferences. Since the method basi- 
cally determines nitrite, this must be 
initially determined or removed from 
the sample. To destroy nitrite add a 
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Fig. 3. Nitrate calibration. 
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TABLE | 
Materials in Blank Filter Papers (Micrograms per 7 in. x 9 in. sheet) 
Glass Glass Glass Whatman 
#1 #2 “special” #41H 
Benzene Extract 2.4 1.6 15 0.9 
: 16500 
Chloride 1030 + 75 29000 + 3700 + 1800 195 + 23 
ca. 1550 1630 
Sulphate 100-150 + 250 + 300 115 + 85 
Nitrate trace trace trace trace 
TABLE II 
Interferences — |, 4 Xylenol Method 
Gamm G 
re inet : Interference ae % Error 
added found 
40.4 207 NasSO, 37.0 —8.8 
40.4 287 NaS 33.0 —18.5 
40.4 167 NO. — 54.0 +33.4 
40.4 207 picric acid 43.0 +6.2 
TABLE Ill 
Reproducibility of Nitrate Method 
Nitrate added Nitrate found Average Dev. 
12.5 12.5 
12.5 12.5 
12.5 12.5 12.5 0.6 
12.5 14.0 
12.5 11.00 
24.5 25.0 
24.5 26.0 
245 245 24.5 0.9 
24.5 23.5 
37.0 37.0 
37.0 35.5 
37.0 38.5 37.0 1.6 
37.0 39.0 
37.0 40.0 ee 
50.0 50.0 
50.0 48.5 
50.0 54.0 51.0 2.8 
50.0 47.0 | 
50.0 55.0 





crystal of ammonium chloride to the 
sample and gently heat to expel ex- 
cess reagent. Nitrite may be deter- 
mined and then an appropriate cor- 
rection applied to nitrate value. 


Essentially the same procedure as 
outlined above is followed for the de- 
termination of nitrite omitting the 
dry powder and the initial buffer. 
The nitrite determination is 10 times 
more sensitive if a 10 ml. aliquote of 
sample extract is added to 10 ml. of 
the sulphanilamide reagent solution. 
After 5 min. add 1 ml. dye solution 
and proceed as above. A separate 
calibration curve is prepared using 
standard solution of nitrite. 
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The method for nitrate estimation 
is accurate within 2-5% in the range 
of 2-75 mg./l. in 1 ml. of water ex- 
tract. This accuracy is satisfactory 
since the determination of collection 
volume is subject to considerably 
greater error. 


The methods outlined here have 
been in use on a routine basis in 
Louisville for about 6 months. The 
procedures are simple enough to be 
followed by non professional person- 
nel. 
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The Role of Motor Vehicle Exhaust 


in Smog Formation* 


Smog, in the sense it is now com- 
monly used, is not just a mixture of 
smoke and fog, but any abnormal 
concentration of matter in the atmos- 
phere which is sufficient to harm or 
annoy people. This broad definition 
is unfortunate because we then have 
to define the kind of smog we are 
talking about. To one person it may 
be the odor of a slaughterhouse; to 
another, the eye irritation typical of 
that experienced in Los Angeles. It 
may be the smoke and fumes that 
crowd into the air vent of one’s auto- 
mobile as he follows a bus down the 
avenue; again, it may be a high con- 
centration of toxic gases in a semi- 
enclosed space. 


No matter how you define it or 
which smog manifestation bothers 
you, you can find a relationship be- 
tween smog and some constituent of 
auto exhaust—the aldehydes in ex- 
haust stink; carbon monoxide is 
toxic and thus a health hazard; un- 
burned gasoline and oxides in nitro- 
gen can react under favorable con- 
ditions to produce eye irritation and 
to damage vegetation; and smoke 
from partially burned lube oil can 
easily restrict visibility and irritate 
the lungs in enclosed spaces. These 
are qualitative facts well known to 
everyone. The importance of exhaust 
as a contributor to air pollution in a 
given locality depends, of course, on 


* Presented at the 50th Annual Meeting 
of the Air Pollution Control Association, 
held at St. Louis, Mo., June 2-6, 1957. 
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the qualantitave aspects of the prob- 
lem. 

Let’s look first at the nature of mo- 
tor vehicle exhaust. An automobile 
engine is unique in that it is called 
upon to meet many requirements. It 
must not only produce power; it must 
produce it in varying amounts, de- 
pending on conditions. It must re- 
spond rapidly, be easy to start, light 
in weight, rugged, cheap, and use a 
high-density fuel. Although com- 
bustion efficiency is important, it has 
naturally been secondary to power 
production. Accordingly, the vari- 
able power requirements of differ- 
ent portions of the operating cycle 
have resulted in variations in com- 
bustion efficiency. 

Values for the various important 
parameters under the four common 
phases of operation—idle, accelera- 
tion, cruising, and deceleration—are 
shown in Table I. 

At idle, only enough power is need- 
ed to keep the engine running 
smoothly. The usual air-fuel mix- 
ture (11:1 to 12.5:1) is on the rich 
side, compared with the stoichiomet- 
ric 15.2:1. The engine idles at about 
400-500 rpm., or slightly higher’ in 
cars with air conditioning and other 
power-absorbing equipment. The air 
flow is low (ca. 6 to 8 cfm.) and 
vacuum in the cylinder is 16-20 in. 
Hg. Exhaust composition is roughly 
500 to 1000 ppm. hydrocarbons; 50 
ppm. oxides of nitrogen; and 4% 
carbon monoxide. The hydrocarbon 
content amounts to about 5% of the 
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fuel supplied to the cylinder. At the 
low air flow used, distribution of 
fuel to the 6 or 8 cylinders is not uni- 
form, so combustion in a given cylin- 
der may vary considerably from the 
average. Of course, a misfiring 
spark plug will affect combustion ef- 
ficiency to a much greater extent 
than maldistribution. 


Under accelerating conditions, the 
flow of both fuel and air is increased 
markedly, engine speed increases, 
spark timing is advanced, and 
combustion conditions continually 
change. Exhaust composition de- 
pends on many factors, such as rate 
of acceleration, over-all accelerating 
time, and change in gear ratio. In 
a typical situation, air flow is 30-35 
cfm., air-fuel ratio is 11:1 to 13:1, 
engine speed goes from 400 rpm. to 
3000 or even 4000 rpm. Cylinder 
vacuum will vary from 0 to 7 in. 
Hg. Typical exhaust composition is 
hydrocarbons, 50-500 ppm.; carbon 
monoxide, very low; oxides of nitro- 
gen, 1000-4000 ppm. The hydrocar- 
bon content represents about 3% of 
the fuel supplied to the cylinders. The 
wide range in hydrocarbon value is 
largely a function of the carburetor- 
transmission combination. Analyses 
of exhaust from cars using standard 
transmission sometimes show only 50 
ppm. hydrocarbons. With auto- 
matic transmissions, however, much 
higher values have been found. 


Under cruise conditions, we again 
reach a steady state. Air flow varies 
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from 15 to 35 cfm., depending on 
speed. In many modern cars the air- 
fuel ratio is even on the lean side, or 
greater than 15.2:1. Cylinder vacu- 
um is normally 7 to 19 in. Hg and 
combustion efficiency is excellent. 
Exhaust composition is approximate- 
ly 200-300 ppm. hydrocarbons; 1000 
ppm. oxides of nitrogen; and less 
than 0.5% carbon monoxide. Un- 
burned fuel in the exhaust is in the 
neighborhood of 2 to 4% of supplied 
fuel. 


Next we come to deceleration, 
which, like acceleration, is a continu- 
ally varying condition. The decelera- 
tion may be for only a short period of 
time with a partially closed throttle, 
e.g., going from 70 mph. down to 60 
mph. in the open country; it may be 
a rapid braking action from a high 
speed to a complete stop in as short 
a time as possible. We all know from 
experience that different traffic situa- 
tions require different types of de- 
celeration. In the typical Los Ange- 
les traffic pattern, 2 types of decelera- 
tion are recognized—a moderate de- 
celeration (30 mph. to 15 mph. in 10 
sec.) and a heavy deceleration (30 
mph, to 0 mph. in 14 sec.). In the 
latter case the only fuel reaching the 
cylinder is that from the idling jet, 
although drying out of the intake 
manifold may flash a high momen- 
tary vapor concentration into the 
cylinder. Air flow during decelera- 
tion is about the same as idle. Cylin- 
der vacuum rises above 20 in., some- 
times as high as 25 in. Combustion 
efficiency is very poor—anywhere 
from 20 to 60% of the supplied fuel 
may pass through the cylinders un- 
burned. Hydrocarbon concentration 
in the exhaust gas varies from 4000 
to 12000 ppm.; carbon monoxide 
concentration is less than 2%; oxides 
of nitrogen fall to 50 ppm. Because 
of the high vacuum in the cylinders 
unburned lubricating oil is often ex- 
pelled, resulting in dense blue smoke, 
particularly from motors with bad 
rings. It is these tremendous varia- 
tions in automobile operation that 
make it difficult to assess the con- 
tribution of exhaust gas to air pol- 
lution in a given instance. There is 
such a great difference in the me- 
chanical conditions of any 2 cars 
that the term average car is almost 
meaningless. In addition to this we 
must know what portion of the driv- 
ing time is spent in each of the 4 
phases of the operating cycle and 
how each phase is defined. In this 
regard, too, the term average car can 
be misleading. The average car in 
downtown Los Angeles at 10 a.m. on 
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TABLE | 
Effect of Engine Operating Conditions on Composition of Auto Exhaust 





Idle 


Acceleration Cruising Deceleration 





11:1-12.5:1 
400-500 


Air-fuel ratio 
Engine speed (rpm.) 
Air flow (cfm.) 6-8 
Cylinder vacuum (in. Hg) 16-20 
Exhaust analysis: 4 


10-50 
500-1000 


Pp 
Hydrocarbons (ppm.) 


Unburned fuel 
(% of supplied fuel) 4-6 








11:1-13:1 13:1-15:1 11:1-12.5:1 


400-3000 1000-3000 3000-400 


30-35 15-35 
0-7 7-19 
0.5 


1000-3000 
200-300 








a 4 2-4 20-60 





a smoggy day may be far removed 
from the average of the nearly 3 mil- 
lion cars in the County. It is this 
situation that makes partial control 
of a given constituent of auto ex- 
haust unreliable. Occasionally it 
will be helpful; in other cases its ef- 
fect would be negligible. 


Smog-Forming Capacity of 
Auto Exhaust 


The greatest drive against auto ex- 
haust as a smog-former stems from 
the Los Angeles area, where the com- 
bination of peculiar meterological 
conditions and more than 3 million 
automobiles is largely responsible for 
the eye-irritating, ozone-containing, 
vegetation-damaging smog peculiar 
to the area, There is no longer any 
doubt that the annoying manifesta- 
tions of Los Angeles smog are the 
result of an atmospheric photochemi- 
cal reaction between nitrogen dioxide 
and gaseous organic compounds, 
principally those of an olefinic na- 
ture. There are other sources of the 
organic vapors and oxides of nitro- 
gen in the atmosphere, but only those 
emitted in auto exhaust have been 
found in sufficient concentrations or 
are sufficiently widespread to pro- 
duce the eye irritation and atmos- 
pheric oxidant that plague Los Ange- 
les. 

The bill of particulars that forces 
this conclusion can best be sum- 
marized in 3 statements: 


(1) The only way one can re- 
produce the smog manifes- 
tations of eye irritation and 
rapid oxidant formation is 
by reacting hydrocarbons 
and nitrogen dioxide in the 
presence of sunlight or 
equivalent radiation. 

The only places we can find 
sufficiently high concentra- 
tions of both hydrocarbons 
and oxides of nitrogen to 
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account for the eye irrita- 
tion and high oxidant no- 
ticed in smog are on and 
adjacent to traffic arteries. 
A study of the wind paths 
in the Los Angeles Basin 
on smoggy days showed 
that smog-laden air parcels 
receive their major share of 
pollutants from automobile 
traffic. 


There are many other bits of evi- 
dence pointing to auto exhaust, but 
these 3 appear adequate. Further- 
more, a similar indictment cannot be 
made for any other source of pollu- 
tion. 


Two questions commonly put to 
us are: Is smog of the type formed 
by the photochemical reaction of 
auto exhaust prevalent elsewhere? 
Will it ever be? Certainly no other 
large metropolitan area has this type 
of smog as frequently or as severely 
as Los Angeles. However, as car 
population increases, other areas with 
similar meteorological conditions, e.g., 
San Francisco and San Diego, are ex- 
periencing this type of smog more 
often. At one time it was thought 
that the topography of Los Angeles 
(dubbed a tipped soup bowl) was a 
basic requirement for =mog, but this 
is false. Everything else being equal, 
the mountains on 3 sides of the Basin 
are not nearly so important as the 
combination of prolonged atmospher- 
ic inversion, weak winds, and strong 
sunlight. These are the factors that 
contribute to the San Francisco and 
San Diego problems. On occasions, 
New York and Detroit have experi- 
enced this type of smog, but the me- 
teorological conditions conducive to 
it are present much less frequently 
than on the West Coast. However, if 
car population increases sufficiently, 
more attacks can be expected. 

One of the unknown factors in 
what I call the photochemical type of 
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smog is the effect of sulfur dioxide 
and smoke. Eye irritation wasn’t no- 
ticed widely in Los Angeles until 
these materials were largely removed 
from the atmosphere. Further, it is 
reasonable to suspect that sulfur di- 
oxide and an oxidant cannot co-exist 
in the atmosphere except at very low 
concentrations. Whether this is re- 
lated to eye irritation is not known. 

Another difference between. West 
Coast smog and that commonly ex- 
perienced elsewhere is the duration 
of the attack. In Los Angeles we 
say the smog goes away at night. 
This is caused partially by increase 
in wind velocity, but mainly by the 
setting of the sun and consequent 
loss of energy to initiate the photo- 
chemical reaction. Conversely, in 
the various air pollution disasters 
throughout the world the attacks 
lasted from several days up to a week. 
There has been some concern in Los 
\ngeles as to the possibility of a 
week, let us say, with no wind and 
a strong inversion, during which pol- 
lJutants could be concentrated to toxic 
levels. However, if this ever happens, 
the importance of auto exhaust will 
be in its carbon monoxide and nitro- 
gen oxide content, and not in the 
highly reactive ozone formed by a 
photochemical reaction during day- 
light hours. Similarly, in most east- 
ern and middle-western cities, the 
acute auto exhaust problem during a 
prolonged smog attack is most likely 
to stem from its carbon monoxide 
and oxides of nitrogen content. But 
I suspect that before toxic concentra- 
tions of these gases are attained, sul- 
fur dioxide, sulfur trioxide, and plain 
smoke will have taken their toll. The 
other effect of auto exhaust, the 
nuisance of aldehyde odor and irri- 
tation in the vicinity of exhaust pipes, 
is of course a transient and localized 
problem that can hardly be called 
smog. 


Solving the Auto Exhaust Problem 
The solution to the auto exhaust 


problem depends, of course, on how 
much and which pollutant one must 
eliminate. In Los Angeles it has 
been assumed that either unburned 
~asoline or nitrogen oxides must be 
drastically reduced in order to solve 
the problem. Three approaches have 
been considered seriously: (1) a fuel- 
cutoff device on the carburetor, which 
would operate during deceleration; 
(2) a nitric oxide eliminator; and 
(3) an afterburner in the exhaust 
system to burn residual organics 
catalytically or by direct flame. Fuel 
modification has also been proposed, 
but would be of doubtful value. 

There is some doubt that a car- 
buretor device will remove sufficient 
organics to be worthwhile, so empha- 
sis is being placed on the chemical 
devices. Currently the stumbling 
blocks are 3: (1) We need a catalyst 
that will speed up nitric oxide decom- 
position or reduction. (2) We need 
an oxidation catalyst that will not be 
adversely affected by lead compounds 
in the exhaust gases. (3) In 
the noncatalytic field we need a meth- 
od of burning the organics in exhaust 
in a reaction chamber small enough 
to fit under a modern car. Each of 
these 3 problems is primarily in the 
field of chemistry and chemical engi- 
neering. It is to these disciplines we 
must look for a solution. 


Of course, research and develop- 
ment cost money and the problem 
won't be adequately tackled unless 
there is a reasonable hope of finan- 
cial gain to the one who solves the 


problem. Thus 2 questions might 
well be posed: Is there a market for 
a suitable device? What is the size 
of the market? 


There is definitely a market for 
nearly 3 million units in the Los 
Angeles area. The Board of Super- 
visors of Los Angeles County has 
said that whenever a practical device 
is available it will be required by 
law. The only delay would be the 
time required for usual legislative 


processes and the establishment of an 
adequate inspection system. Inspec- 
tion of motor vehicles has never been 
required in California and probably 
will not be required until the type 
of device is known and suitable in- 
spection equipment can be developed. 
But we expect to overcome these hur- 
dles when a device will have been 
~roved effective. Although Los Ange- 
les will probably be the first proving 
ground for such a device, the rest of 
Southern California, and possibly the 
San Francisco Bay Area, will not be 
far behind. Potential manufacturers 
will be even more concerned with the 
likelihood of broader adoption of an 
exhaust control device. A restricted 
market on the West Coast would Le 
of interest to a few manufacturers, 
but a nationwide market would be 
preferable. 


Fortunately a catalytic or direct- 
flame afterburner will solve the car- 
bon monoxide problem as well as the 
hydrocarbon problem, so if an after- 
burner is adopted on the West Coast, 
further expansion into eastern cities 
might well follow. If a simple nitric 
oxide eliminator is the answer, wide 
geographical aceptance may not fol- 
low. In those areas where the lccal 
problem is aldehyde stench or smok- 
ing tailpipes, less expensive solutions 
will probably suffice. 


I have attempted to bring out in 
this talk the various factors that will 
affect the solution of the air pollution 
problem brought about by motor ve- 
hicle exhaust. My own conclusion is 
that the most promising areas for 
research are in the development of a 
lead-insensitive oxidation catalyst, a 
nitric oxide eliminator, or a small 
direct-flame afterburner. These are 
chemical engineering problems. I 
heartily recommend them to anv 
chemical or chemical engineering re- 
search organization looking for proj- 
ects that offer economic rewards and, 
at the same time, promote the gen- 
eral welfare. 


Vol. 7, No. 3 








TA ge te RT ES, Se aN 





RSE TR TENE 


Developments in Solid Fuel Burning Equipment 


in Air Pollution Control* 


The evolution of the power boiler 
from the early type with hand-fired 
grate to the huge steam generator of 
today is a story of man’s efforts to im- 
prove his standard of living through 
the use of cheaper power in ever in- 
creasing quantities. This is particu- 
larly true in the United States where 
the tremendous industrial growth of 
the Twentieth Century has proceeded 
hand in hand with the increase in en- 
ergy consumption. This is illustrated 
in Fig. 1 which shows the rate of in- 
crease in electric energy sales in the 
United States during the past 30 
years. Consumption of electric en- 
ergy has been doubling about every 
10 years. 

The boiler units that are being sup- 
plied to provide for this increase in 
electric energy requirements have un- 
dergone significant changes in design 
for better efficiency. There have also 
been changes that have greatly re- 
duced air pollution; and, in general, 
our customers demand this kind of a 
unit. Our industry is increasing its 
efforts to meet this goal, and even 
though complete success has not yet 
been attained, considerable progress 
has been made. The purpose of this 
paper is to review some of the spe- 
cific areas in which progress has 
taken place. 

Efforts to reduce air pollution prob- 
lems from the use of coal for power 
generation have been directed along 
two broad lines: the first has been 
to reduce the quantity of coal con- 
sumed/KWH and the second has been 
to reduce the quantity of pollutants 
emitted to the atmosphere for each 
pound of coal burned. 

Coal-fired boiler units have pro- 
vided the greatest percentage of elec- 
tric energy in the past, and they will 
provide increasing percentages in the 
future. 


The efficiency of coal utilization for 


power generation is shown on Fig. 2. 


*Presented at the 50th Annual Meeting of 
the Air Pollution Control Association, held 
at St. Louis, Mo., June 2-6, 1957. 
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Fig. 1. Annual electric energy sales in the 
$s 


During the 10 year period, 1920 to 
1930, the coal required/KWH was 
cut in half, so that the growth of elec- 
tric energy during this period came 
with little change in coal require- 
ments. The 10 year periods, 1930 to 
1940, and 1940 to 1950, each had re- 
ductions on the order of 15 to 20% in 
coal required per KWH, nevertheless 
increasing quantities of coal were 
used to supply the growing demand 
for electric energy. This trend will 
continue, but at a lower rate. Our 
most efficient steam generating unit 
is the 4500 psi. Supercritical Boiler 
at Philo Station of Ohio Power Co.., 
which uses 0.65 lb. of coal/KWH. 
This more efficient utilization of coal 
has been an important factor in re- 
ducing air pollution. However, prog- 
ress by this means will be at a slower 
rate in the future, and further gains 
can only come from reducing the 
pollutants emitted from the stack with 
each pound of coal fired. 
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Fig. 2. Efficiency of coal utilization for 
power generation in U. S. 
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In designing coal-fired boiler units 
that will reduce pollution, 3 major re- 
sults must be obtained: 

(1) The volatile portion of the 
fuel must be burned with- 
out smoke. 

(2) The solids residue must be 
retained in the boiler unit. 

(3) Obnoxious gases must not 
be released to the atmos- 
phere. 

The realization of these objectives 
does not rest with the boiler designer 
alone. Thus, for example, many im- 
provements have been devéloped in 
the techniques for pre-treating coal 
by the supplier and in the efficiency 
of dust collecting equipment. Here 
we shall limit our considerations to 
a review of some of the contributions 
that the boiler designers have made 
in alleviating the problem of air pol- 
lution. 


Combustion of Volatiles 


All bituminous coal-fired boiler 
units can produce smoke, simply by 
burning coal with insufficient air. 
The converse is not necessarily true, 
because if combustion air is not in- 
troduced properly smoke can be pro- 
duced even with considerable amounts 
of excess air. To obtain smokeless 
combustion and optimum efficiency, 
the designer has the problem of burn- 
ing coal with a minimum amount of 
air, and this is both a fuel equipment 
design problem and a boiler design 
problem. 

The basic concepts of fuel burning 
equipment design have been known 
for many years. The burner must 
create a comparatively quiescent 
zone, rich in fuel, for starting and 
stabilizing ignition, and it must sup- 
ply the remaining combustion air in 
a manner to create high turbulence 
(mixing). These principles are em- 
ployed in all types of fuel burning 
equipment today. However, the ef- 
fectiveness with which they are now 
being applied has been acquired 
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through many years of experience 
and continued research. Fig. 3 shows 
3 basic types of solid fuel burners 
employed in today’s power boilers. 
A shows a stoker with divided air 
admission compartments. Only a por- 
tion of the air passes through the fuel 
bed as it enters the furnace, thus pro- 
ducing a fuel-rich zone for starting 
ignition. Combustion of the volatile 
matter emitted from this zone is ob- 
tained by using high velocity over-fire 


of APCA 
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Fig. 3. Coal burning methods. 


air jets to eliminate smoke and pro- 
vide the high temperatures necessary 
for rapid ignition of the incoming 
coal. The remainder of the combus- 
tion air is admitted in the center and 
rear compartments. 

B shows a circular pulverized-coal 
burner. The fuel-rich mixture is ob- 
tained by admitting the coal and pri- 
mary air at the center of the burner. 
Secondary air is admitted through the 
outer annulus in a manner to create 
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the turbulence and mixing necessary 
for complete combustion. 


C shows a Cyclone Furnace. Here 
again, the necessary fuel-rich zone is 
produced by admitting the coal and 
primary air at the front of the cy- 
clone. Secondary air is admitted tan- 
gentially at high velocity to give the 
rapid mixing necessary for complete 
combustion. 

These 3 burning devices are ex- 
amples of how the designer of fuel 
burning equipment has successfully 
accomplished the two conflicting re- 
quirements of rich fuel-air admission 
for ignition stability and uniform 
mixing of fuel and total air for com- 
plete combustion with a minimum ex- 
cess air. 

The problem of the boiler designer 
is to provide a boiler structure with 
minimum air leakage. Many of our 
new design boiler units have no air 
leakage at all, and they are actually 
operated with the combustion zone 
and gas passes under pressure. Fig. 
4 shows a large utility boiler that op- 
erates in this manner. The specially 
designed pressure casing that makes 
this possible is already being used ex- 
tensively on many large utility boil- 
ers, and its use is increasing in boilers 
of all sizes. 

The operating level of excess air is 
one measure of the progress made in 
burner-boiler design problems. If ex- 
cess air is reduced, the dry gas loss 
decreases. This relationship is shown 
on Fig. 5 in which dry gas loss is ex- 
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(Above) Fig. 5. Increase in coal consumption due to excess air. 
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Fig. 6. Typical ash balances for dry ash pulverized coal fired boiler and cyclone furnace 


boiler. 


pressed in terms of the additional coal 
required when operating above the 
theoretical minimum quantity of air 
required for complete combustion. 
Several different types of boiler units 
are indicated by points along the 
curves. It will be seen that the best 
units closely approach the theoretical 
minimum. At the same time, develop- 
ments in automatic controls have 
made it possible to continuously op- 
erate boiler units at low excess air 
with minimum requirements in man- 
power. 

Progress made in the mixing of 
coal and air within a minimum space 
is exemplified by the Cyclone Furnace 
on Fig. 3 that operates at a heat re- 
lease rate in excess of 500,000 Btu./ 
ft.3/hr. The problem is no longer 
one of providing sufficient volume for 
combustion, but instead is one of pro- 
viding sufficient furnace wall area to 
absorb heat from the combustion 
gases. Therefore, the heat release 
rate is no longer an adequate criterion 
of furnace design. 


Control of Solids 
Emission with Flue Gases 


The solids in the flue gases leaving 
boiler units consist of fly ash particles 
with some unburned carbon. Increas- 
ing fuel costs have made it uneco- 
nomical to discharge any significant 
amounts of carbon, so the problem 
today is essentially to control the ash 
content of the stack gases. The meth- 
ods used to eliminate smoke have also 
reduced the carbon content of the flue 
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gases.. With the wide variation in 
performance of the different burning 
methods, dust collectors are often re- 
quired to keep ash discharge within 
acceptable limits. The Cyclone Fur- 
nace has been a significant develop- 
ment in this respect because about 
90% of the ash in the fuel is trapped 
in the cyclone in the form of molten 
slag. As an illustration of the range 
of fly-ash loading of flue gases, Fig. 
6 shows the ash balance for dry-ash 
pulverized-coal firing, compared with 
cyclone-furnace firing. With pul- 
verized-coal firing, 85% of the ash is 
entrained in the flue gases, whereas, 
with the cyclone, only 10% of the 
ash leaves the boiler. To obtain low 
dust loading at the stack discharge, 
a dust collector of 97.7% efficiency 
must be used for the dry-ash unit, 
whereas an 80% efficient collector is 
satisfactory for the cyclone. There 
are also many applications where the 
cyclones without collectors are giving 
satisfactory dust loadings. 

To summarize the developments in 
recent years in control of solids con- 
tent of flue gases: the Cyclone Fur- 
nace is a new principle of combus- 
tion, resulting in a substantially lower 
ash content in the flue gases; with 
other types of firing, ash collecting 
equipment has been assuming the ma- 
for responsibility for obtaining clean 
flue gases, and this trend will con- 
tinue for the future. 


Control of Obnoxious Gases 


The control of obnoxious gas as 
an air pollutant from steam boiler 
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units means primarily the control of 
sulphur oxides. The sulphur from 
the fuel appears as sulphur oxides in 
the flue gases from boilers, and these 
are dispersed in the atmosphere by 
high stacks or other conventional 
means to avoid excessive concentra- 
tions at ground level. One method 
of controlling the amount of these 
oxides would be to reduce the sulphur 
content of the fuel before it reaches 
the boiler, a subject upon which 
much has been written, but which will 
not be discussed in detail in this pa- 
per. 

Progress in boiler design has 
brought about some new problems in 
pollution by sulphur oxides. While 
it is true that more efficient boiler 
designs have effectively lowered the 
concentration of smoke and ash par- 
ticles in stack discharge, they have 
also tended to lower the boiler exit 
gas temperatures. These lower tem- 
peratures have been causing a visible 
plume discharge from the stack, par- 
ticularly in oil-fired units. Investi- 
gations conducted at the B&W Re- 
search Center indicate that the pres- 
ence of SO, is one of the principal 
factors involved. 

Fig. 7 shows sulphur trioxide con- 
centrations in the flue gases meas- 
ured at the air heater outlet of sev- 
eral boilers during various firing con- 
ditions. These are plotted against 
the sulphur content of the fuel. No 
relation between the sulphur trioxide 
content of the gas and the sulphur 
content of the fuel is apparent. How- 
ever, it is evident that up to 40 ppm. 
(by vol.) of sulphur trioxide in boil- 
er exit flue gases can be expected. 

To investigate how this gas might 
cause a plume, sulphur trioxide was 
introduced into the exit gases of the 
small gas-fired furnace shown in Fig. 
8. By varying the sulphur trioxide 
concentration, as well as the tempera- 
ture of the exit gas, it was possible to 
produce a visible plume under cer- 
tain conditions, even though the ex- 
cess air was constant at the optimum 
level for best combustion. It was 
found that concentrations of sulphur 
trioxide in flue gas as low as 10 ppm. 
could produce a visible plume. At 
any given concentration in the flue 
gas, the amount of visible plume was 
always substantially greater when the 
exit flue gas temperature was low. The 
plume was not visible at all with high 
exit gas temperatures. 

The chemical engineers have an ex- 
planation for this because the chem- 
istry of sulphur trioxide is well 
known, since it is used in the pro- 
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Fig. 7. Sulphur trioxide content of flue gases 
with various firing conditions. 


duction of sulphuric acid. Actually, 
boiler units possess all the elements 
of a sulphuric acid plant, but fortu- 
nately they are poor sulphuric acid 
producers because optimum condi- 
tions for maximum production of 
acid do not exist. As shown in Fig. 
7, some SO; is produced that can 
readily react with water vapor and 
condense from the flue gases as sul- 
phuric acid. The subsequent corro- 
sion of low temperature metal parts 
of boilers by this acid is a well known 
problem in steam boiler equipment. 

From the known properties of sul- 
phur trioxide, the conditions under 
which it will condense from the boil- 
er exit gases to form sulphuric acid 
can be calculated. Fig. 9 shows the 
calculated relationship between the 
rate of mixing of boiler exit flue gases 
with air and the concentration of con- 
densed sulphur acid vapors caused by 
the cooling of the flue gas as it is 
mixed with air. The curves are based 
on mixing flue gases from oil firing 
with 70°F. air at 60% relative hu- 
midity. Thus, for example, flue gas 
at a temperature of 300°F. contain- 
ing 20 ppm. of SO; will start to con- 
dense when it is cooled by mixing 
with air in a ratio of 0.2 parts of air 
to 1 part of flue gas as shown on the 
curve. Concentration reaches a 
maximum when 0.6 parts of air are 
mixed with 1 part of flue gas. The 
concentration of sulphuric acid is 
11.4 ppm. in the mixture at this point, 
with practically all of the SO; hav- 
ing condensed. Subsequent mixing 
of flue gas with air gradually re- 
duces the concentration of acid by 
simple dilution. 

It is interesting to observe that 
when the temperature of the flue gas 
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Fig. 8. Laboratory gas 
fired furnace used for 
plume studies. 





is raised from 300°F. to 400°F., the 
maximum concentration of condensed 
acid is reduced. 

From these curves it is apparent 
that the trend in boiler design to low- 
er exit gas temperatures is increasing 
the concentration of condensed acid 
in boiler stack gases. The chemical 
engineers can predict the amount of 
acid that will be condensed, but not 
the concentration required to pro- 
duce a visible plume. Since the 
small pilot gas furnace used for these 
tests produced a visible plume at 10 
ppm. of SO; under conditions simi- 
lar to those in many boiler units, it 
is believed that concentration levels 
in the range of 10 to 30 pp.m. of acid 
condensed in the mixture of air and 
flue gas will produce a visible plume. 

Referring again to Fig. 7, it will 
be seen that additions of a basic ma- 
terial, such as dolomite, to the flue 
gases will reduce SO; concentration. 
This has been demonstrated for both 
oil and coal firing and indicates that 
something may be done in the future 
to reduce the plume problem. How- 
ever, it also indicates that, as the dust 
loadings of boiler exit gases are re- 
duced, some of the elements that are 
now helping to control the formation 
of plume may be removed, with the 
result that plume formation may tend 
to increase. This is particularly true 
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of coal-fired boiler units that handie 
ash with alkaline characteristics. 

The complete removal of all sul- 
phur oxides from flue gases can be 
accomplished only by a _ washing 
method. An example is the installa- 
tion at Battersea Electric Power Sta- 
tion in London. As described in the 
literature, the gases are scrubbed 
with a lime slurry that removes the 
sulphur oxides as calcium sulphate. 
This system is not a completely satis- 
factory solution because it creates 
some new problems, including dis- 
posal of the calcium sulphate, which 
some people feel are worse than the 
original problem. 

It may be of interest that a similar 
operation is in commercial use here 
in the United States. Fig. 10 shows 
a Magnesium Bisulphite Recovery 
Boiler, that uses as fuel the waste 
liquors from cooking wood pulp in 
the paper-making process. Sulphur 
compounds are combined with mag- 
nesium compounds for producing the 
cooking liquor used in digesting the 
wood pulp. The sulphur compounds 
for this liquor are recovered from 
the boiler flue gases. One of the 
main problems of a gas washing plant 
is solved here—the disposal of the 
chemicals removed from the flue gas. 
In recovery units they are recycled 
to the process. Although the system 
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is limited to the paper making proc- 
ess and even to only a few types of 
paper made in this manner, it does 
illustrate an economical, commercial 
application of the technology of gas 
washing. Four such units are in op- 
eration, two in the state of Washing- 
ton and two in Alaska, 

In summarizing the three factors in 
boiler design that affect the problem 
of air pollution, considerable im- 
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Fig. 9. Concentration 
of sulphuric acid in 
flue gases diluted with 
air. Dilution ratio of 
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provement has been made during the 
past 30 years in reducing air pollu- 
tion by reducing the quantity of coal 
burned/KWH_ of electricity. The 
rate of reduction in the amount of 
coal burned/KWH will be consider- 
ably lower in the future than it has 
been in the past. Hence, any fur- 
ther substantial reduction in pollu- 
tion must necessarily come from low- 
ering the amount of pollutants emitted 
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Fig. 10. Magnesium bisulfite recovery system boiler with sulphur 
removal equipment. 


from each pound of coal burned. Con- 
siderable progress has been realized 
in this respect. Developments in fuel 
burning equipment and boiler design 
have provided means for completely 
eliminating smoke. Important reduc- 
tions in dust emission have been ob- 
tained by reducing carbon content of 
fly ash to a practical minimum. The 
development of the Cyclone Furnace 
has afforded a new means of greatly 
reducing fly-ash emission. For other 
types of firing, reduction in fly-ash 
emission has been largely through the 
use of increasingly efficient dust col- 
lectors. 

The control of obnoxious gases has 
become more difficult as advance- 
ments in boiler design have been 
realized. Further research and de- 
velopment is required to determine 
the best approach for solving this 
problem. 
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A Critical Review of Two Recent 
Russian Books on Air Pollution* 


The book Sanitary Safeguard of 
Atmospheric Air refers to problems 
of air pollution and purification in a 
summarized form, ranging from such 
questions as the theory of air pollu- 
tion, toxicology and physiology and 
including the technology of some in- 
dustrial processes that represent 
sources of air pollution. The paper 
also deals with the principles of hy- 
gienic standards that must be estab- 
lished for atmospheric pollutants. 

In the chapter about the planning 
of cities we find a description of re- 
stricted zones (zonarazryva). The 
conclusion of the book is devoted to 
the organization of work for the sani- 
tary safeguard of atmospheric air. 

The book Maximum Allowable 
Concentrations of Atmospheric Pol- 
lutants reports on the second stage of 
work done by the Commission for 
Maximum Allowable Concentration 
of Atmospheric Pollutants and on 
methods which are applied to deter- 
mine atmospheric pollutants. 


Problems of Air Pollution Control 
from the Viewpoint of Pavlov's 
Teachings 


Certain sections of the book are 
characterized by an attempt to ap- 
proach the essential problem of the 
hygiene of the atmospheric air from 
the viewpoint of Pavlov’s physiology. 
The studies on central nervous sys- 
tem activity by I. P. Pavlov are cur- 
rently popular in the field of Soviet 
hygiene. 

According to author of these books, 
Professor V. A. Riazanov, a “reor- 
ganization of hygiene in the light of 
Pavlov’s teachings” was launched 7 
years ago and is still in the process of 
development. Professor V. A. Riaza- 
nov is a pioneer favoring the new 
trend of hygiene. 

Ever since this “reorganization” of 
hygiene on the basis of Pavlov’s 
teachings was begun, no satisfactory 
* Presented at the 50th Annual Meeting of 


the Air Pollution Control Association 
held at St. Louis, Mo., June 2-6, 1957. 
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This paper contains a critical re- 
view of two Russian books: Sanitary 
Safeguard of Atmospheric Air, Mos- 
cow, 1954, by Professor V. A. Riaza- 
nov, and Maximum Allowable Con- 
centration of Air Pollutants, edited by 
Professor V. A. Riazanov, Moscow, 
1955. These books illustrate for the 
first time the development and trends 
in the newest branch of hygiene — the 
hygiene of the atmosphere — in Rus- 
sia. The contents reflect the tendency 
of Russian scholars to follow an iso- 
lated path. 

The most important point of these 
books is the official announcement 
about the introduction of maximum 
allowable concentrations of atmos- 
pheric pollutants. 

Is this step essentially useful? Is 
there sufficient substantiation for 
each limit set for individual pollu- 
tants? What of the difference be- 
tween hygienic and technological lim- 
its? Is it possible to find an interre- 
lation without disregarding one of 
them ? 

This critical review attempts to 
answer these questions. 





answer has been found to the essen- 
tial question: how can the defense 
reactions of the organism to the ac- 
tion of harmful substances be evalu- 
ated ? 

At the time when hygienic limits 
were worked out and established, 
some research was conducted with a 
view to applying and testing physio- 
logical methods and methods of con- 
ditioned reflexes. But all this re- 
search did not adequately clarify the 
issue of the maximum allowable con- 
centration of contaminants in atmés- 
pheric air. Professor M. K. Petro- 
va’s research deserves attention in 
which she emphasizes the role of the 
central nervous system in the forma- 
tion of malignant neoplasm.‘!?) M. 
K. Petrova proves that in addition 
to the direct influence of cancerogenic 
substances, the lowering of the body 
resistance also contributes to the for- 
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mation of cancer. She claims that 
this is the result of an interrupted 
normal activity of the cerebral cor- 
tex, (12) 

Some papers were published re- 
cently on different kinds of pollutants 
and discussing the application of 
physiological methods.‘?? 


Maximum Permissible Concentration 
of Pollutants in Atmospheric Air 


Now comes the crux of the matter 
—the establishment of the maximum 
allowable concentration for air pol- 
lution. 

First, it is necessary to study the 
definition “concentration” as under- 
stood by Riazanov. The Special Com- 
mission headed by him recommended 
as a basis an average daily concen- 
tration to determine the degree of 
pollution, while it suggested an addi- 
tional limit on the basis of a single 
maximum exposure should be estab- 
lished for substances characterized by 
odor, irritation of the respiratory pas- 
sages or of the mucous membrane of 
the eyes and which may cause serious 
intoxication in concentrations that 
may actually exist. 

At this point, the author tried to 
establish a correlation between the 
average daily concentration and the 
maximum single exposure. 

The available data testify to the 
fact that most frequently average 
daily concentrations are in a 1:3 re- 
lation to maximum single exposures 
during the same day. 

Here are some principles of set- 
ting hygienic limits for atmospheric 
pollution. 

“We are only interested in the 
threshold of the olfactory and ir- 
ritating reaction inasmuch as it 
is below the threshold of the 
basic effect of the given poison. 
For that reason we should not 
reject those persons who volun- 
teer to be subjected to tests.” 
Along with laboratory tests de- 

signed to determine the threshold of 
the olfactory and irritating effect of 
atmospheric pollution, tests are fre- 
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quently conducted by questioning the 
population that lives at different dis- 
tances from the source of pollution. 
Professor Riazanov indicates correct- 
ly that the latter method reveals that 
the threshold is much lower than in 
tests conducted under laboratory con- 
ditions. He reminds also that in view 
of the extreme variability of the con- 
centration in atmospheric air, we 
usually fail to get the peak concen- 
tration. As a rule, our data are more 
based on an average. To determine 
an odor, however, one has only to 
inhale—in other words, it takes 1 to 
2 sec. 
“Consequently, a human being 
can instantaneously determine a 
concentration by inhaling which 
cannot be determined at a later 
time since our methods are not 
adequate in this respect. These 
facts cast certain doubts on the 
method of making a study of the 
population by questioning and 
lead us to assume that the real 
threshold is higher than indi- 

cated by the result of such a 

survey.” 

Now it is important to mention 
here what is known as the adaptabili- 
ty to poisons. “The habit-forming 
that develops as a stable phenomenon 
upon the chronic influence of poison- 
ous substances is clearly pathological. 
It not only serves as a reason to re- 
duce hygienic requirements but, on 
the contrary, should be considered as 
a factor which would raise the hy- 
gienic requirements when limits are 
established. Along with a chronic 
formation of habits, hygienists and 
physiologists are very familiar with 
the adaptability to the strong influ- 
ence of smells. But does it mean 
that the harmful effect has ceased 
too? Of course it does not. The 
poison continues to affect the body 
without signalling it to the cerebral 
cortex. For that reason, the adapt- 
ability becomes an unfavorable fac- 
tor eliminating the signalling action 
of the smell.” 

Later we find the following state 
ments: “In addition to the direct 
effect of air polluting matter on man, 
it is necessary to consider its indirect 
effect. Concentrations of smoke that 
reduce markedly visibility, light in 
dwellings, the biological effect of ultra 
violet radiation, increase fogs, etc., 
should not be allowed since these fac- 
tors, in turn, have an unfavorable 
effect on health. 


“The only proper approach to 
a total evaluation of the harmful 
action of a specific pollutant of 


NOVEMBER 


the atmospheric air is resorting 
to the principle of the vulnerable 
point [italics belong to the au- 
thor of the paper]. In other 
words, the limits must be set ac- 
cording to the most sensitive in- 
dex. If one gas or another 
could be detected at concentra- 
tions considerably below those 
that impair human and animal 
life in any way — regardless of 
whether the effect is acute or 
chronic, direct or indirect — the 
limits should be established ac- 
cording to the threshold of 
sensory perception. In_ those 
cases when a substance that en- 
ters the atmosphere has no odor, 
no irritating effect on mucous 
membranes and no harmful in- 
fluence on plant life in concentra- 
tions which do, nevertheless, 
have a toxic effect on human be- 
ings, the limits have to be estab- 
lished according to the threshold 
of toxic effect. 

If the vulnerable aspect of a 
substance were its harmful effect 
on plant life, the threshold of its 
action upon vegetation should be 
considered in the elaboration of 
limits.” 

In principle it must be agreed that 
it is necessary to establish limits for 
the purity of atmospheric air. But 
the question as to the elements for 
which limits have to be established 
and in which manner this should be 
accomplished has, so far, not been 
solved satisfactorily. 

At the present stage of development 
of biochemistry and medicine, the 
justification for maximum allowable 
concentrations of individual pollu- 
tants is inadequate. Therefore, it is 
considered premature to set limits at 
present, Nevertheless, limits must be 
adopted in principle. They must be 
set as a goal which has to be achieved. 
However, they can only be formally 
established after a thorough and sci- 
entific substantiation is found for 
them. 

In order to establish the degree of 
contamination of atmospheric air it 
must, of course, be possible to com- 
pare the actual concentration with its 
allowable maximum. It is necessary 
to have a standard of measurement. 
Riazanov feels that a further advan- 
tage of limits is that they help to es- 
tablish the efficiency of control de- 
vices, set restricted zones (the dis- 
tance between the source of pollution 
and a populated area), etc. This is 
not, however, the principal advantage 
of established limits. They may 
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serve as a scientific basis for the hy- 
giene of atmospheric air. Without a 
scientific foundation the hygiene of 
atmospheric air cannot develop and 
progress properly. 

The tremendous technical progress 
places increasing demands before the 
hygiene of atmospheric air. It is 
necessary to study the combined ef- 
fect of air pollutants on the one hand, 
to investigate new pollutants which 
emerge as a result of using new sub- 
stances and new processes, on the 
other. It is also imperative to study 
their effect upon health. 

All these arguments make the idea 
of having established limits a goal 
that cannot actually be attained. This 
very fact is a guarantee that the hy- 
giene of atmospheric air will never 
cease to exist as a science forever 
striving to attain this goal. 

In terms of Pavlov’s teachings 
we may state that limits may be- 
come the constant minimum irritants 
which are necessary to maintain the 
hygiene of atmospheric air in a state 
of activity. : 

The work of various authors on 
maximum allowable concentrations 
reveal that they resort mostly to in- 
dustrial toxicological data in their 
arguments. Present industrial norms 
are amplified by additional informa- 
tion available from literature and 
from individual conclusions. For that 
reason, the adduced substantiations 
are not convincing. There is, however, 
one exception: the substantiations in 
favor of limits for dust on the basis of 
Richter’s paper Correlation between 
the Transparence of Atmospheric Air 
and its Dust Content. We shall dis- 
cuss this paper separately. 

Even Professor Riazanov has to 
admit that norms are inadequately 
substantiated. After the Congress of 
Hygienists in June 1956 in Moscow. 
the editor of the journal Gigiena i 
Sanitarija [Hygiene and Sanitation] 
Professor Riazanov stated: 

“Originally established _ hy- 
gienic standards which were fre- 
quently based on obsolete ideas 
and primitive methods evoke nat- 
ural doubts as to their objective 
accuracy. The need arises to re- 
view hygienic standards on the 
basis of the current state of medi- 
cal science and modern methods 
of research.” 

Examining the occurrences in Do- 
nora, London and other areas it can 
be affirmed with certainty that it was 
not possible to establish definitely that 
one certain pollutant had caused the 
disaster in any of the cases.) It is 
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always possible that another pollutant 
or the combination of several pollu- 
tants had ill effects. Sulfur dioxide 
in urban air means only that the air 
is polluted, but that is about all. 


It is quite likely that meteorologi- 
cal conditions were the main and, 
perhaps, the sole reason for a sharp 
increase in SO. and H.SO, concen- 
trations.* As a rule, the average 
daily concentration in London dur- 
ing the month of December is 0.35 
mg./m.® of air. The day before the 
disaster of December 4 the average 
daily concentration amounted to 
0.378 mg./m.* and the peak concen- 
tration reached 1.34 ppm. or 3.5 mg./ 
m.3 Meteorological conditions similar 
to those in London could also lead to 
unfavorable effects upsetting Profes- 
sor Riazanov’s limits of 0.25 mg./m.° 
as a maximum daily concentration of 
SO. and 0.75 mg./m.3 of air as his 
single peak concentration. 


According to Mary Amdur and 
other research in this field toxicity of 
sulfuric acid exceeds that of sulfur 
dioxide 5 times.‘?) It is important 
to emphasize that sulfuric acid is al- 
ways found as an aerosol while sulfur 
dioxide is encountered in the form of 
gas. Sulfur dioxide, for instance, “if 
borne in or on particles of about 0.2 
» diam.” might reach the deeper tis- 
sues up to 5 times more — as already 
pointed out—than if it were inhaled 
in the form of gas.‘®) 

By way of example we should also 
like to refer to hydrogen fluoride 
which, in combination with beryllium, 
increases the lethal effect when in- 
haled by animals although individual- 
ly neither the former nor the latter 
are lethal.**® 

Professor Riazanov made ample 
use of literature when he worked on 
the maximum allowable limits for 
SO, concentrations in atmospheric 
air. He based his work on Thomas’ 
‘and Hill’s paper and research who 
used the intensive photosynthetic ac- 
tivity (establishing the acute effect 
of sulfur dioxide on the process of 
assimilation in plants sensitive to 
this gas) as a symptom of the harm- 
ful action of sulfur dioxide. The 
changes in workers discovered by 
Keche, Michael, et al. may be inter- 
preted as a result of the chronic ef- 
fect of minor concentrations of sul- 
fur dioxide but they were observed 
with concentrations considerably 


* The Maximum Allowable Concentration 
Value of SO, is 10 ppm. Lethal values 
approximately amount to 100 ppm. 

** The recent Poza Rica incident of No- 
vember 1950. 
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above the threshold of irritation. In 
this regard Professor Riazanov re- 
grets that “no protracted observations 
dealing with the effect of minor con- 
centrations of sulfur dioxide on per- 
sons exposed to it continuously for 
24 hr. have even been completed.” 

At this point it should, however. 
be mentioned that Amdur and others 
conducted a series of extremely inter- 
esting tests (in 1952) exposing sub- 
jects to various concentrations of SO. 
and H,.SQ,.‘* 3) These concentra- 
tions were introduced at levels below 
that of the threshold of detection. The 
subject had no knowledge of inhaling 
toxic air. At the same time their 
heart and respiratory pattern as well 
as the respiratory volume were stud- 
ied. The physiological changes pro- 
duced in the subjects testify to the 
fact that they are entirely natural re- 
flexes. “We may see from the dia- 
grams that there is a great difference 
between the toxic action at short ex- 
posures and after long exposures. It 
is of interest that workers who have 
acquired a habituation to sulfur di- 
oxide did not show such reflex 
changes.” ‘*) 

Let us turn now to lead, another 
toxic material frequently encountered 
in the air. We shall show now how 
the limits for this pollutant were 
founded. 

“First, a certain preliminary 
estimate should be made based 
on a survey of the toxic nature of 
lead introduced through drink- 
ing water. We know that con- 
centrations of 0.35 mg./l. and 
more are dangerous when the 
water is regularly used. Maxi- 
mum allowable concentrations of 
lead in drinking water are 0.1 
mg./l. that means 0.2 mg./day. 
If we acted under the assumption 
that human beings inhale 15 m.* 
of air within 24 hr. — the toxic 
effect of lead being analogous 
whether inhaled or absorbed 
through enteric introduction — 
the safe concentration of lead in 
the air would be 0.013 mg./m.’ 
It is, however, generally known 
that inhaling lead is more effec- 
tive than its oral introduction 
since lead penetrates blood chan- 
nels directly from the lungs by- 
passing the hepatic barrier. For 
that reason the tentative concen- 
tration (0.013 mg./m.*) would 
have to be reduced by at least 
20 times, i.e. to 0.65 y/m.**** 

H. M. Tomson’s observation 


mg./m.3, 
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may be used to substantiate the 
maximum allowable concentra- 
tions. The scholar kept test ani- 
mals for long periods of time in 
cages at various distances from 
the plant that was the source of 
lead pollution. We see that ac- 
cording to both, H. M. Tomson 
cording to both, N. M. Tomson 
and Right, a concentration of 6 
to 7 is still effective. In view of 
the fact that the average human 
being (including old people, 
children, weak and ill persons, 
etc.) reveals a greater sensitivity 
to lead than industrial workers 
who have probably acquired a 
habituation, this threshold con- 
centration should be reduced by 
several times. For that reason, 
the maximum average allowable 
concentration of lead in the at- 
mospheric air approved by the 
All-Union State Sanitary Com- 
mission does not exceed 0.7 y/ 
m.* and it should be considered 
safe.” 


Technological Limits of Maximum 
Permissible Emission for Different 
Productions 


As it is impossible to elaborate 
substantiated limits under the pres- 
ent conditions, our attention is fo- 
cused on technological limits which 
thus acquire greater significance. 

Although the concentration of pol- 
lutants in the flue does not neces- 
sarily show the concentration in the 
zone of inhalation — this according 
to Professor Riazanov — we may add 
that neither does the concentration of 
pollutants in the zone of inhalation 
reveal the concentration of pollutants 
in the flue. We refer here to indus- 
trial centers and major cities, in par- 
ticular, where the influence of the 
background may be very prominent. 
Professor Riazanov goes along here. 
too. 

The intensity of the background 
may be judged by conditions that pre- 
vail in a city like New York.‘® 7 
There is no doubt that a background 
has formed here which — in addition 
to local sources of contamination — 
is continuously supported by massive 
industrial pollution in New Jersey. 


There is no practical possibility of 
checking the allowable emission of 
each individual enterprise on the 
basis of hygienic standards — even 
if we assumed that these standards— 
were well grounded. For that rea- 
son, it is rather difficult to determine 
zonal contamination with a view to 
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their individual sources in large 
cities and industrial centers. It should 
be emphasized that many other fac- 
tors are involved in defining the de- 
gree of pollution: 

(1) the method of selecting air 
samples ; 
the sensitivity of a given 
method of analysis; 

(3) the length of sampling time; 

(4) number of samples taken to 
determine the average con- 
centration. 

(5) distance between the point 
where air samples are taken 
and the source of emission. 

In addition to the volume and 
height of emission (absolute quantity 
of pollutants) the following elements 
also affect the volume of concentra- 
tion when it comes to establishing it 
at a certain point of the source: 

(1) frequency with which sam- 
ples are taken at a certain 
point of the plume; and 

(2) direction and velocity of 
the wind. 

The direction of the wind which 
changes frequently leads to errors in 
determining the smoke rose that 
serves as the basis for average daily 
concentration. Mr. Riazanov states 
in reference to this fact: 

“The actual picture can be ob- 
tained by selecting air samples 
with a device that would be set 
in motion automatically (with 
the help of a weathercock) in the 
direction of the wind but also 
would shut off automatically as 
soon as the wind changes direc- 
tion.” 

If we would still add that the con- 
centration of pollutants depends also 
on vertical temperature gradient, on 
the relative humidity of the air, and 
on self-purification of atmosphere it 
would be evident how variable is the 
concentration of pollutants in the at- 
mospheric air; in other words, how 
difficult it is to be determined abso- 
lutely. 

It is necessary to turn our atten- 
tion to the source of emission, for 
correct and full comparison of hy- 
gienic and technological limits 
(ground concentrations of pollutants 
and concentrations of pollutants in 
the stack). 

However, while technological 
norms are worked out it must be con- 
sidered, as Professor Riazanov states 
correctly, that the concentration of 
both sulfur dioxide and ashes in the 
atmospheric air determine the abso- 
lute emission from the stack and not 
their concentration in flue gases. It 
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TABLE | 
Threshold Industrial Limit Values 
( in mg./m.*) 
|| U.S.S.R. | A P limits 
Chemical | U.S.A. Single Daily 
No. Name of contaminant | formula 1956 U.S.S.R. sample average 
1. |Manganese and its MnO, 0.3 0.03 0.01 
compounds | 
2. |Nitrogen penta-oxide N:05 — 5.0 0.5 0.15 
3. |Carbon Monoxide co 100 —_— | 6.0 2.0 
4. |Mercury metallic Hg 0.1 0.01 | -- 0.0003 
5. {Soot == -- a 0.15 0.05 
6. |Dust non-toxic -- — — | 0.5 0.15 
7. |Lead and its Pb 0.15 0.013 | — 0.0007 
compounds 
8. |Sulphur dioxide SO, 25.00 | 20.00 | 0.75 0.25 
9. |Sulfuric Acid H.SO, 1.00 0.5-2.0 | 0.30 0.10 
10. |Hydrogen Sulfide H.S 30.00 | — || 0.05 0.015 
11. {Carbon Bisulfide CS; 60.00 | 10.00 || 05 0.15 
12. - |Arsenic compounds As 0.5 0.3 | -- | 0.003 
(inorganic) 
13. |Phenol C.H;,OH 19.0 5.0 0.05 0.015 
14. |Phosphorus penta-oxide | PO; oo 1.0 | 0.15 0.05 
15. |Fluorine compounds F 0.2 1.0 | 0.03 0.01 
16. |Chlorine C2. 3.0 1.0 0.10 0.03 
17. |Benzol C.He 110.0 50.0 el noes —_ 





goes without saying that the types of 
fuel and the techniques of burning is 
of tremendous significance for the 
pollution of atmospheric air with 
ashes and su!fur dioxide. The con- 
centration of sulfur dioxide in flue 
gases is more significant when it 
comes to purifying flue gases. The 
more concentrated the gases the easier 
the purification process. 

In order to avoid the miscalcula- 
tions it is necessary to emphasize that 
the emission/1 kg. of fuel does not 
represent a complete picture of the 
sanitary harm of a given kind of fuel. 
The point is that, in order to obtain 
an equal quantity of electric energy 
(power) or steam, the amount of fuel 
used increases in proportion with its 
decreasing heat value. It happens oc- 
casionally that fuel that produces a 
greater value of emission/1 kg. has 
a smaller emission/unit of the ca- 
pacity (power), generated by the 
plant. It is, therefore, obvious that 
in order to evaluate properly the 
qualities of the fuel from a sanitary 
point of view the emission of sulfur 
dioxide/ton of an ideal fuel with ca- 
loric value of 7000 kcal. should be 
determined. 


It is also important to remember 
that by shifting to low grade fuel the 
higher emission of ashes is not only 
caused by the greater amount of 
ashes that is carried out/1 kg. of fuel 
but also by an increased use of fuel, 
as a result of its lower calorie content. 

Knowing the emission of ashes/1 
kg. of fuel, its caloric value and the 
coefficient of the excess air it is easy 
to figure out the concentration of 
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ashes in flue gases with various types 
of fuel and different techniques of 
burning the fuel. . 
Professor Riazanov quotes the re- 
sults of analyses of dust concentra- 
tion in the air near large modern pow- 
er plants that do not have dust col- 
lectors. The following data show the 
concentration of dust in the atmos- 
pheric air near one of the largest 
power plants emitting 500 tons of 
ashes in 24 hr. into the atmosphere. 


Maximum single 


concentration 
Distance in m. in mg./m.* 
250 29.3-79.0 
500 9.6-63.4 
1000 2.2-39.4 
2000 0.5-33.5 
3000 0.2-18.0 


According to the research con- 
ducted near one large heat and power 
generating plant, which emitted 280- 
360 tons of sulfur dioxide in 24 hr., 


the concentration of sulfur dioxide, 


fluctuated from leeward side as fol- 
lows: 
Concentration of 


Distance sulfur dioxide 
in km. in mg./m.® 
From-To Average 
0.2-0.5 0.30-4.90 3.00 
0.5-1.0 0.70-5.50 2.70 
1.0-2.0 0.22-2.80 1.60 


Professor Riazanov concludes. 
“Obviously the concentration 
of sulfur dioxide in the atmos- 
pheric air of modern cities is ex- 
tremely high. This applies par- 
ticularly to areas near large pow- 
er plants and boiler installations 
where concentrations exceed the 
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permissible limits from a hygien- 

ic point of view by many times; 

a safe level cannot be achieved 

for the time being, since experi- 

ence in removing sulfur dioxide 
from flue gases has not proved 
adequate as yet.” 

With the help of suitable mathe- 
matical formulas it would be possible 
to find a correlation between concen- 
trations pertaining to the zone of hu- 
man respiration and the concentra- 
tions in the stack, This formula could 
establish the expected concentration 
on any given distance from the source 
of pollution. In spite of the absence 
of a proper formula it is still possible, 
utilizing some of the existing for- 
mulas (Sutton) to determine the con- 
centration for normal meteorological 
conditions, but unfortunately these 
formulas are not suitable for meteoro- 
logical conditions such as temperature 
inversion, calm, etc. 

Summing up the above we are led 
to conclude that for an accurate de- 
termination of the degree of contami- 
nation of atmospheric air it is neces- 
sary: (1) to consider the influence of 
the background thoroughly; and (2) 
to establish technological as well as 
hygienic limits. 

Here is the opinion of Professor 
Riazanov in regard to the technologi- 
cal limits: 

“Technological limits should 
not be used as a basis for sani- 
tary practice inasmuch as they 
do not consider peculiarities of 
local conditions from a hygienic 
point of view. Technological 
limits should be considered as an 
additional criterion that may ac- 
quire significance only if it guar- 
antees the observance of hygienic 
standards.” 

At this point it is rather interesting 
to study the views expounded by Pro- 
fessor R. A. Babaniats (1948) .‘®) 

“The study of the zone unfit 
for residence around the enter- 
prise requires that an investiga- 
tion be made as to the degree to 
which air is polluted at a pre- 
viously established distance in 
comparison to the degree of pol- 
lution of the air that is as con- 
trol (areas with relatively pure 
air). To this end the gravimet- 
rical (weight) quantity of aero- 
sols does not necessarily have to 
be known. In the following 5 to 
6 years the admissible concentra- 
tion of dust for our industrial 
cities and in view of the present 
level of technical possibilities to 
combat the pollution of atmos- 
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pheric air should amount to 2 
mg./m.? (average during the 
summer) .” 

When Professor Babaniats speaks 
of technical possibilities, he has, ap- 
parently, in view chiefly the improve- 
ment the efficiency of the air clean- 
ing devices. In conjunction with the 
above we should always keep in mind 
the improvements achieved during the 
last years in the design of the boiler 
and other heat generating installa- 
tions. The improvement of the effi- 
ciency (the increase of useful power / 
lb. of coal consumed) in such instal- 
lations has as direct result the de- 
crease of the emission of pollutants 
from the stacks. The tabulation be- 
low,“® which illustrates this prog- 
ress, is especially noticeable during 
the last 5 years. 

This indicates an obvious connec- 
tion between economic factors and 
problem of air pollution. In the ma- 
jority of cases a successful solution of 
such problems will have a beneficial 
economic aftereffect, which is unde- 
niable in respect to power and heat 


plants. 
Lb. of Coal/ 
Kilowatt-hour 
of Electric Energy 

Year 
1900 7.0 
1940 1.34 
1950 1.25 
New plants 0.75 


Concluding the question on maxi- 
mum allowable concentrations, the 
methods used to establish the dust 
contents of the air must be mentioned. 
Professor Riazanov, for instance, does 
not favor konometric methods (meas- 
uring the number of particles/unit of 
volume). “Research conducted to 
determine the dust content in atmos- 
pheric air by konometric investiga- 
tion gives an improper picture of the 
hygienic value of dusty air. The 
harmful effect of dust is proportional 
to the mass of dust that penetrates 
the organism and not the number of 
particles.” From hygienic viewpoint 
it is important, therefore, to deter- 
mine not only the gravimetric concen- 
tration (concentration by weight in 
mg./m.*) in measuring the dust but 
also its dispersion (particles distribu- 
tion) (italics belong to the author of 
the paper). Mr. Riazanov_ con- 
cludes: “A further improvement of 
these standards does not mean that 
gravimetrical limits have to be sub- 
stituted for quantitative ones. It is 
important to replace gravimetrical 
limits that do not take into account 
the dispersity of dust by limits that 
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incorporate dispersion.” In other 
words, maximum allowable concen- 
trations of dust in the air must be ex- 
pressed in terms of mg./m.* of air 
for various fractions of dust (size of 
dust particles). This, however, is far 
from being investigated thoroughly. 
Nevertheless, Mr. Riazanov hopes that 
the science of hygiene will cope with 
this task. 

The method of sedimentation 
which is considered a classic method 
of testing atmospheric air outside of 
USSR was the target of sharp attacks 
on the part of Professor Riazanov.''"? 
This statement is not quite accurate. 
Many important investigations in 
Soviet Union were conducted with 
the help of the sedimentation method 
of sampling. The main objections 
against the method of sedimentation 
are as follows: 

(1) A correlation between its 

data and the concentration 
of dust in the air is far from 
always being observed. 
The meth d of sedimenta- 
does not allow to evaluate 
the actual degree of air pol- 
lution; also its manifesta- 
tions do not make it pos- 
sible to evaluate its influ- 
ence on human organism be- 
cause human beings are un- 
der the influence of the ef- 
fect of suspended particles 
and not of those that settled 
on the ground. 

We cannot fully agree with the 
above statement. Sediments gath- 
ered by way of sedimentation contain 
coarse particles of dust. If it were 
assumed that the hygienic significance 
of dust depends primarily on the 
mass of dust that penetrates the or- 
ganism (Mr. Riazanov goes along 
here, too) and that this dependence 
is a proportional one, the coarse par- 
ticles of dust represent in some cases 
more interest than the fine dust from 
the hygienic point of view.‘ 1 

In addition, settled dust cannot 
ust be ignored when it comes to de- 
termining the concentration. 


Do we actually consider that with 
the method of aspiration not all frac- 
tions of dust will be fully represented 
in the state of suspension and, there- 
fore, the estimation of the mass of 
dust that may enter the organism will 
not be accurate? Fractions contained 
in settled dust may be absent here. 
However, before settling this dust was 
suspended and therefore capable of 
impairing human health to some ex- 
tent. The problem of the dispersion 
(particle size distribution) of atmos- 
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pheric dust needs further research 
since materials available on the sub- 
ject are completely inadequate; there 
are, for instance, no data on the 
change of dispersion in accordance 
with altitude, etc..—to quote a pas- 
sage from the book. The fact must 
also be considered that settled dust 
may rise into the air again through 
the wind. Therefore, besides the in- 
fluence of meteorological conditions 
it is an extremely difficult task to 
search for correlation between sus- 
pended and settled dust. The ex- 
clusive use of the aspiration method 
does not provide the actual picture of 
concentration. 


Planning 


The proper planning of cities, as 
Professor Riazanov states, have a 
great significance in the abatement of 
dust in the air of populated centers. 

This applies primarily to dividing 
urban territories into populated and 
industrial districts and establishing 
an adequately wide restricted area be- 
tween the two whereby the industrial 
district should be located at the lee 
side of the housing district. 

The establishment of restricted 
zones (zony razryva), as we shall call 
them, deserves particular attention. 
These zones are established in USSR 
according to the Sanitary Norms for 
Planning Industrial Enterprises (NSP 
101-51) approved by the Council of 
Ministers of the USSR on January 
6, 1951. According to these regula- 
tions the restricted zones are estab- 
lished in each specific case according 
to the nature of the enterprise. All 
enterprises are divided in 5 grades 
depending on the degree of harmful- 
ness of their emissions. A restricted 
zone of 1000 m. (first grade) has to 
be established for the most harmful 
emissions, the least harmful one calls 
for a zone 50 m. (V grade). Re- 
stricted zones in very large enterprises 
should be established individually ac- 
cording to the decision of the All- 
Union State Sanitary Control. Where 
no ash collected installations are 
available or the cleaning efficiency is 
less than 50%, the restricted zone 
may be expanded by the organs of 
the All-Union State Sanitary Control 
but not more than twice. For heat 
and power generating plants in popu- 
lated areas the restricted zone is es- 
tablished individually by the organs 
of the State Sanitary Control, accord- 
ing to the actual situation. Here, 
particularly when it comes to the res- 
toration or reconstruction of the heat 
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and power generating plant restricted 
zones have to be reduced in compari- 
son with the norms, stipulated in 
NSP 101-51. Such reduction of the 
restricted zone must be compensated 
by greater demands upon the effec- 
tiveness of the ash-collecting installa- 
tion. 

Boiler plants for heating purposes 
in the vicinity of housing areas with 
a capacity of 3 tons/hr. (coal or 
peat) should be separated from the 
populated area by a zone of vegeta- 
tions at least 50 m. wide. The height 
of the stacks for these boiler plants 
should be 10 m. higher than the tall- 
est building within a radius of 100 m. 
Boilers with,a capacity of 2 tons/hr. 
should have stacks at least 20 m., and 
those using 30 tons/hr. should be 
provided with stacks at least 30 m. 
high. In accordance with the type of 
fuel used, the stacks for industrial 
and power plants should range from 
30 to 120 m. 


Classification of Aerodispersion 
Systems 


One must recognize that the Pro- 
fessor’s call for the establishment of 
the correct classification is very time- 
ly; and by this the necessary clear- 
ness will be brought about into this 
question. Mr. Riazanov believes that 
the following classification is correct 
reflecting the physico-chemical prop- 
erties and hygienic significance of the 
phenomena involved: 

“The general collective term, ac- 
cording to this classification is aero- 
dispersion, i.e. a system that com- 
prises suspended particles.” 

According to the size of the par- 
ticles aerodispersion systems are sub- 
divided into 2 categories: aerosols 
with the size of the particles less than 
0.1 to 10 to fine aerosuspensions. 
size of the particles exceed 0.1 p. 
Aerosols are subdivided in smokes; 
i.e. systems with a solid dispersed 
phase, fogs — system with a liquid 
phase. Aerosuspensions, in turn, are 
subdivided into 2 sub-groups, depend- 
ing on the degree of dispersion (par- 
ticles size distribution) : systems with 
particles over 10 » belong to the cate- 
gory of coarse aerosuspensions and 
systems with particles ranging from 
0.1 to 10 p» to fine areosuspensions. 
Each of these sub-groups is, in turn, 
divided into systems with a solid de- 
spersed phase and a liquid phase. 

All aerodispersion systems with a 
solid phase are known under the gen- 
eral term dust. Thus, we have 6 aero- 
dispersion systems: 
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(1) Aerosol with liquid phase 
(fog). 

(2) Aerosol with solid phase 
(smoke). 

(3) Aerosuspension with solid 
phase and particles <10 p» 
(fine dust). 

(4) Aerosuspension with solid 
phase and particles <10 » 
(coarse dust). 

(5) Aerosuspension with liquid 
phase and particles size 
<10 p. 

(6) Aerosuspension with liquid 
phase and particles size 
<10 p. 


Problems of Air Pollution and New 
Ways to Solve Them 


Problems of atmospheric air pol- 
lution are associated with the chronic 
effect of small concentrations; this 
fact represents great difficulties par- 
ticularly when limits have to be es- 
tablished and substantiated. Other 
difficulties are caused by the choice 
of the right method. According to 
Z. I. Izraelson investigators are fa- 
miliar with the difficulties that arise 
when it comes to shifting from an 
established minimum (on hand of 
tests with animals) effective value to 
a harmless and ineffective value and 
how complicated it is at times to de- 
termine the threshold of toxic action. 
It is even hard to choose a proper cri- 
terium of toxicity.“®) 

Our hygienists as well as Russian 
hygienists are fully aware of all these 
difficulties and are searching for 
proper ways to solve the basic tasks 
of air pollution control. 

In the light of the above statement 
Dr. Norton Nelson’s comment on M. 
O. Amdur’s studies (which were men- 
tioned above) is of considerable in- 
terest : ‘* 

“This work emphasizes a point 
of view of the greatest impor- 
tance in considering the toxicity 
of air pollutants; that is, the ne- 
cessity of giving consideration 
to functional changes as con- 
trasted with organic changes. 

“The functional operation of 
an organism may be distorted or 
modified by a toxin without leav- 
ing any evidence of trauma if the 
insult is survived. This suggests 
the usefulness of searching for 
such functional changes in the 
human being and indicates a de- 
ficiency in the confenctional toxi- 
cological approach based on 
death or morphological changes 
in tissues.” 

Dr. Frank Princi states:(*) 
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Although the respiratory tract 
is the obvious portal of entry to 
the body of atmospheric pollu- 
tants, many toxic materials may 
be absorbed through the respi- 
ratory system without providing 
direct irritation to the pulmonary 
epithelium: they may exert their 
primary physiological effect on 
other organ systems and the in- 
dividual may still die a cardio- 
respiratory death. 

Therefore, in any considera- 
tion of the public health aspects 
of air pollution, it becomes neces- 
sary to consider not only the en- 
vironment but man’s ability to 
live in such environment. 

Consequently, investigations 
must be directed not only to the 
study of the effects of air con- 
taminants on the various organs 
of the body but on the individual 
as a whole, ensuring its capacity 
to handle various stresses. 

In Professor Riazanov’s book we 
find the following statement which 
could be applied to this question 

“Tests with animals do not 
provide a fully satisfactory an- 
swer about maximum allowable 
concentrations. First of all, epi- 
demiological principles may be 
applied to the study of the state 
of the population that lives at 
different distances from the 
source of pollution. 

“The relation between the rate 
of disease and the purity of the 
air may be considered as proved 
if the rate of disease increased in 
different areas with the same con- 
sistency as the increasing rate of 
the concentration of pollutants; 
these results being obtained for 
the entire population of the 
given and not only for the part 
that is employed in industry, 
and confirmed by the age-groups 
in which the disease occurs.” 
Evidently, these will be the lines 

which the hygiene of atmospheric air 
will have to follow but it is hard to 
predict how far it will go in this di- 
rection. At any rate, judged by what 
has been accomplished so far it is 
bound to be successful on this path. 


Organization of Work for the 
Sanitary Safeguard of Atmospheric 
Air 


According to the Sanitary Code of 
the Soviet Union no new plant may 


be planned without being equipped 
with installations designed to purify 
atmospheric emissions. Neither can 
any plant be set into operation with- 
out a permit from the organs of the 
State Sanitary Control, which makes 
sure that the plant is duly equipped 
with purifying installations. 

If purification installations are 
ready, the State Sanitary Inspectors 
approve their preliminary use under 
condition that the enterprise would 
engage experts to test the effective- 
ness of these installations. A final 
approval is issued after the efficiency 
of purifying installations has under- 
gone expert study. It is up to the 
technical organization to determine 
the efficiency of purification but it is 
the task of the State Sanitary Inspec- 
tor to organize through appropriate 
sanitary and epidemiological authori- 
ties. A study of the air in the popu- 
lated center near the new plant to de- 
termine whether the purification of 
emitted gases is adequate. It is de- 
sirable to make a survey of the popu- 
lation near the plant to make sure 
whether the emissions of the plant 
cause any inconvenience. On _ the 
basis of the data obtained the neces- 
sary measures should be taken to 
eliminate any shortcomings. 

The control of newly built enter- 
prises is only a part of the tasks of 
the State Sanitary Inspector to pro- 
tect the cleanliness of atmospheric 
air. There are enterprises con- 
structed before the sanitary regula- 
tions have been effective. Appro- 
priate health measures must also be 
carried out in these enterprises and 
it is up to the State Sanitary Inspec- 
tor to make sure that this is being 
done. 

First of all, a complete list of all 
plants, shops and aggregates that 
serve as a source of air pollution 
should be prepared. It should also 
be specified for each of the enterprises 
what kind of contaminants its emis- 
sion contain, determining their chemi- 
cal composition and their volume. On 
the basis of these materials, lists of 
enterprises are prepared that must 
install cleaning equipment. 

The State Sanitary Inspector must 
work with the cooperation of the 
sanitary-epidemiological centers es- 
tablishing permanent and close con- 
tact with the latter. The contact be- 
gins when the lists of enterprises are 


prepared that must be subjected to 
health regulations. The State Sani- 
tary Inspector studies these enter- 
prises through the sanitary-epide- 
miological centers. For that reason 
the State Sanitary Inspector must 
take care of the development and am- 
plification of laboratory research of 
the sanitary-epidemiological centers 
organizing studies of the atmospheric 
air and improving the level of the 
staff of the sanitary-epidemiological 
centers. 
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Recent research has indicated that 
the extent of ozone formation in the 
Los Angeles atmosphere is as much 
or more dependent upon nitrogen di- 
oxide concentration as upon hydro- 
carbon concentration (!) (2) (14), 
For this reason, suggestions have 
been made that work regarding con- 
trol of oxides of nitrogen be started 
immediately. The urgency of this 
work is not due to consideration that 
oxides of nitrogen themselves might 
be approaching toxic concentrations; 
the levels involved“®) are much be- 
low the accepted toxic thresholds“). 
The advent of dangerous or near 
dangerous levels of ozone concentra- 
tions has provided much of the stimu- 
lus for considering control measures. 


The major factors involving oxides 
of nitrogen which will be considered 
in this study are: 

(1) Their role in ozone forma- 

tion 

(2) Nature and contribution of 

various sources 

(3) State of present knowledge 

of control 

The possible participation of oxides 
of nitrogen in formation of aerosols 
or eye irritating or crop damaging 
compounds will not be directly con- 
sidered here. There has been, how- 
ever, enough evidence of these 
roles‘) (13) (5) to give more impe- 
tus to considering control measures, 
although neither the nature of these 
compounds nor their mechanisms of 
formation has been defined. 


Ozone Forming Reactions 


The term oxides of nitrogen alone 
cannot be used in discussing chemi- 
cal reaction mechanisms, This term 
includes N2O, NO, NOs, NoO,, 
N03, NoO; and NOs. Of these ox- 
ides, only NO, NO, (and its equi- 
librium product N.O,) and N,O; 
have been seriously considered in 
studies of mechanisms of ozone for- 
mation. 
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The earliest theories of smog for- 
mation'?°) regarded nitrogen dioxide 
(NOs) only as a donor of atomic 
oxygen through a_ photochemically 
activated cycle, 

NO, ~NO + O 

NO + % 0. > NO, 
The presence of ozone was ascribed 
only to the reaction 

0 + O2.> Os; 
Later work indicated that ozone 
could be readily produced by irradi- 
ating hydrocarbons in the presence 
of NO2(1) (2) (4) (28), Stephens et 
al.‘?8) present a careful spectropho- 
tometric analysis of this gaseous re- 
action mixture which shows definite 
presence of nitrogenous organic com- 
pounds of an unknown nature. This 
is evidence that there may be a direct 
reaction between NO» (or NO) and 
hydrocarbons in the free radical or 
stable state. This work also shows 
the formation of quantities of ozone 
in the same order of magnitude of 
amounts given in earlier work. 


Recent Work on Atmospheric 
Mechanisms 


Stephens ‘**) postulates that the ni- 
trogenous material is formed by re- 
action between photochemically pro- 
duced NOs and oxidation intermedi- 
ates of hydrocarbons, and that NO. 
may be regenerated. Their paper 
also considers that nitric oxide (NO) 
may be directly involved in reaction 
with organic compounds, and not re- 
stricted to the expected role of being 
oxidized to NOs. 

When postulating chemical mecha- 
nisms it should be considered that 
both NO and NO, are unique in that 
they are stable free radicals. Any 
reaction which a single NO or NO, 
radical enters into with an ordinary 
molecule will result in a free radical 
being produced, and any reaction 
with another free radical will produce 
one or more stable molecules or two 
other free radicals, as 


234 


NO + A=F (orF, + M;) 

(or Ay a Ao, or F, ao F,) 

where A, A; and Ao» represent stable 
molecules and F, F; and Fy» repre- 
sent free radicals. This considera- 
tion is important in terms of the pho- 
tochemical nature of smog formation 
and in terms of some of the present 
hypotheses concerning atmospheric 
reactions (18) (25), 

Littman et al‘'*) postulate that NO 
converts to NO» in the presence of 
certain hydrocarbons and that ozone 
is formed from photolysis of nitrogen 
dioxide. It is clear here that some 
oxidant other than ozone would be 
the successful competitor in the re- 
action of NO to NO,. Littman also 
found NO in normal air in quantities 
well in excess of those of NO», but no 
quantitative comparison data were 
given. 


Relative Effects of Reducing NO, 
and Hydrocarbon Concentrations 


Hydrocarbon control measures 
have been vigorously adopted in the 
Los Angeles area in the last 5 years. 
What is generally considered to be a 
practical lower level of hydrocarbon 
emissions from stationary sources is 
being approached. Research and de- 
velopment work on organic emissions 
from vehicles is being accelerated to 
find a method of reducing the dis- 
charge by at least 80%. In view of 
the apparent role of NO» in ozone 
formation, an estimate must be made 
of the ozone reduction that might be 
expected if hydrocarbon concentra- 
tion alone is reduced to 20% of the 
present level. 

Haagen-Smit‘'*) has presented an 
idealized curve which relates the 
amount of ozone which can be ex- 
pected to form after 4 hr. of irradia- 
tion with various initial hydrocarbon 
(3-methylheptane) and NO» concen- 
trations. Hydrocarbon and NO, con- 
centrations used were generally of the 
same order of magnitude as exist in 
the Los Angeles atmosphere during 


JOURNAL 





YIELD- %NO 


ae ee tent 


~ 














Nn 


Fig. |. Actual nitric 
oxide yield vs. wall 
temperature from a 





40 ton | day equiva- 
lent 100% nitric acid 
furnace. (From E. D. 





YIELD- %NO 


°o 
@ 


Ermenc’). 





Be os 


=" 
































° 
2400 2600 2800 3000 3200 3400 


Wall Temperature, °F. 


heavy smog periods; that is, in the 
range of 14 to 1 ppm. This curve in- 
dicates that an equal percentage de- 
crease of either contaminant would 
be equally effective in reducing ozone 
concentration, if initial hydrocarbon 
concentrations were 14 of the initial 
NO, concentrations. This ratio is ap- 
proximately what is experienced in 
the Los Angeles area at present. 
This graph would indicate that an 
80% reduction in hydrocarbons alone 
would be quite satisfactory at present 
in reducing the ozone content. 
Haagen-Smit claims, however, that 
even if the hydrocarbon levels could 
be reduced 80% at once, the rapidly 
increasing automobile registration 
and corresponding gasoline usage and 
refining would bring the hydrocarbon 
concentration gradually toward pres- 
ent concentrations. With constantly 
rising NO, concentrations the over- 
all effect would be to bring the ozone- 
forming capacity of the mixture even 
more rapidly back to present levels. 
Haagen-Smit urges that both hydro- 
carbons and oxides of nitrogen be 
controlled. The above paper is the 
only reference found which presents 
a quantitative statement as to the 
relative ozone forming potentials of 
mixtures of hydrocarbons and NOs. 


Sources of Oxides of Nitrogen 


Assuming that it will be necessary 
to reduce oxides of nitrogen, what 
methods might be used? What are 
the major sources, and what concen- 
trations of oxides are emitted from 
each? Estimates of emissions from 
the principal sources in Los Angeles 
County are given in Table I‘) (9), 

No significant amount of oxides of 
nitrogen comes from nitric acid man- 
ufacture or use in most urban areas. 
Essentially all is the result of nitrogen 
fixation in combustion processes, ac- 
cording to the equilibrium. 
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N. + O. = 2 NO. Extensive study 
of this equilibrium has been made by 
Gilbert and Daniels‘®) and Ermenc 
and co-workers‘) in connection with 
a type of gas or oil-fired nitrogen 
fixation furnace commonly called the 
Wisconsin furnace. The studies were 
initiated originally to determine the 
feasibility of nitric acid manufacture 
using a furnace for fixation. The 
references show experimentally and 
theoretically determined reaction rate 
constants for formation and decom- 
position of nitric oxide between 
1800°K and 2700°K. Fig. 1 shows 
actual NO yields obtained from the 
furnace with different wall tempera- 
tures which were estimated to be 
about 300°F. less than combustion 
space temperatures, 


The Effects of Temperature 


Examination of the data contained 
in the above references‘®) ‘*) shows 
the trends expected from thermody- 
namic consideration of the reaction. 
The rates of reaction of both the fixa- 
tion and the reverse (decomposition ) 
reaction increase rapidly with tem- 
perature. The decomposition rate 
constant is from about 150 to 8000 
times the rate of formation constant 
in the temperature range of 4400°F. 
down to 2800°F. Equilibrium con- 
centrations of NO increase with high- 
er temperatures. 


High temperatures and quick cool- 
ing of flue gases are both required for 
high yields of NO. Thermodynami- 
cally, lower temperatures would de- 
crease the equilibrium concentration 
of NO, but under 1000°F. the decom- 
position rate is reduced to insignifi- 
cance“), 

Concentrations of oxides of nitro- 
gen from automobiles vary with en- 
gine acceleration rate. Idling and de- 
celeration cycles emit about 20 ppm.: 
cruising, about 1500 ppm.; and ac- 
celeration, up to 4000 ppm... High 
concentrations can be explained by 
high cylinder flame temperatures (to 
5500°F.) (°?) and fast cooling rates. 
Analysis of exhausts with engines 
equipped with afterburners have 
shown little difference in total oxides 
content (*)), 

Steam generators in power plants 
emit higher concentrations of nitro- 
gen oxides than do small boilers or 
heaters‘!®), again reflecting the ef- 
fect of higher flame temperature 
(3000°F.) and perhaps rapid cooling 
due to use of economizers and better 
heat transfer apparatus. 


The Effects of Excess Air 


A third variable in combustion 
processes, excess air, will also deter- 
mine the final concentration of nitro- 
gen oxides. The equilibrium expres- 
sion for the decomposition reaction, 
2NO = Nz + On, 

K, — —(PNe) (p02) 


(pNO)? , indicates that 
the equilibrium concentration of NO 
in the reaction is proportional to the 
square root of the effective concen- 
tration of oxygen present in the re- 
action mixture. Similarly, the rate 
of the fixation reaction, 

Re = (pNez) (pO2), indicates that 
the rate should be directly propor- 
tional to the effective oxygen concen- 
tration. This relationship is shown 
by Daniels and Gilbert ‘®. 

Excess air is an important factor 
in another reaction that occurs in 
combustion equipment as exhaust 
gases are cooled from about 600°F. 


TABLE | 
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Source 


Vehicles 
Power Plants ° 400- 

(gas and oil-fired) 
Other Boilers & Heaters 100- 
Incineration 50- 





NO, concentration 
(ppm.) 


Tons/day 
(as NO.) 
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to atmospheric temperature. This re- 
action, 

NO + 1% O2 = NOn, gives higher 
equilibrium NOs yields at lower tem- 
peratures. But the rate of reaction 
is more rapid at lower temperatures 
because this is one of the rare termo- 
lecular reactions, It has been calcu- 
lated that the half-time for this reac- 
tion in the atmosphere (21% Oz) 
for 10 pphm. NO would be 1000 hr. 
at room temperature"). Reaction 
rates would apparently be lower in 
warmer engine exhaust systems and 
with higher NO content, but no quan- 
titative automotive data have been 
published regarding the extent of this 
oxidation. Unpublished and tenta- 
tive analyses by the Los Angeles 
County Air Pollution Control District 
of auto exhausts in idling and de- 
celeration cycles indicate that the 
greatest portion of total oxides is 
nitric oxide. The analyses also indi- 
cate that N2O; or nitric acid aerosol 
is also measurable in the comparable 
order of magnitude of concentrations 


of NO». 


Naturally Occurring Oxides 
of Nitrogen 


There has been some contention 
that a substantial amount of oxides of 
nitrogen, particularly NOs, is present 
in the atmosphere of the Los Angeles 
area due to natural causes. Whereas 
nitrogen fixation is known to occur 
from lightning discharges, there is 
substantial evidence that the great 
part of oxides of nitrogen found in 
this region is not due to any but arti- 
ficial causes. 


Possible Methods of Control 


There are essentially no data in 
the literature relating to actual con- 
trol of oxides of nitrogen in the low 
concentration ranges that must be 
considered here. Nevertheless, all 
known general control methods 
should be examined. Such methods 
include: 

Absorption in a pure liquid or 

solution, 

Adsorption on a solid, 

Changes in design or operation 
of combustion chambers or ex- 
haust systems, 

Vapor phase reaction and sub- 
sequent collection, 

Changes in fuel, 

Catalytic decomposition of nitric 
oxide. 

The well-known incineration method 
of control of oxidizable gases is not 
applicable here. Each of the above 
methods will be considered. 
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Absorption 


A large amount of research has 
been done on absorption of soluble 
gases in water or aqueous solutions. 
Most of the work involves acid gases 
or ammonia. Recent work of Peters 
& Holman ‘**) and Peters ‘?*) has con- 
sidered efficiencies of collection of 
NO, in water and aqueous NaC] and 
NaOH solutions by use of a variety 
of absorption tower packings. The 
experiments of Peters indicate that 
relatively enormous amounts of water 
would be necessary to absorb appre- 
ciable amounts of NOs in concentra- 
tions below 2000 ppm. Peters and 
Holman indicate that for tempera- 
tures below 100°F. there is no appre- 
ciable difference in absorption of 
NO. between 20% NaOH solutions 
and pure water. Chambers and Sher- 
wood‘*) have indicated that NaOH 
solutions actually give poorer removal 
efficiencies. 

The above work considers only 
NO.. No reference was found that 
deals with efficiency of aqueous solu- 
tions or pure water in absorbing NO. 
It would be expected that NO, being 
only slightly soluble in water (7.34 
ml./100 ml. water at 0°C.), and be- 
ing neutral, would be absorbed only 
slightly by pure water, or acidic or 
basic solutions. However, NO reacts 
with certain salts, i.e. FeS to form 
solid compounds ‘?®) , 


One other problem is involved in 
the use of an absorbing medium, that 
of regeneration, neutralization, or dis- 
posal of the medium. Dissolved NO, 
can be neutralized, but NO cannot. 
Either could, theoretically, be com- 
bined with other reacting material. 


Adsorption 


The very high efficiency of adsorp- 
tion of small concentrations of cer- 
tain gases on activated solids such as 
silica gel or activated carbon is well 
known. Charcoal, particularly, is in 
general use as an adsorbent for toxic 
and other gases. Littman used char- 
coal to collect NO, (and organic ni- 
trites) while the charcoal passed 
NOS), No better adsorber than 
charcoal (or treated charcoal) is 
known for most gases. 


Ermenc'®) has recently published 
operational and design details of a 
pilot plant to convert NO from a Wis- 
consin furnace to NO» and thence to 
nitric acid. Furnace gases contain- 
ing on the order of 1.5% NO are 
dried, the NO oxidized using silica gel 
as catalyst, and the gases containing 


NOs, are cooled to 10°F. The dilute 





NO. is adsorbed in silica gel, de- 
sorbed by heating, and the concen- 
trated NO. absorbed in water. 

Considerable work has also been 
done by Foster and Daniels on effi- 
ciencies of a variety of silica gels in 
adsorbing NO. ). Efficiencies as 
high as 99% have been reported with 
low velocities of a flue gas stream at 
25°C. containing about 1.15% NOs. 
Using the data of the latter reference, 
Peters ‘*3) showed a wide range of ef- 
ficiencies which increased as: 

(1) the temperature was low- 

ered, 

(2) the contact time was raised, 

(3) the pressure was raised, 

(4) the cycle time was de- 

creased. 
Efficiency decreased to 14 when the 
temperature was raised from 15°C. to 
25°C. Efficiency was decreased to 
14 when the cycle time was tripled. A 
reduction of entering NO, content 
from 1.0% to 0.2% (2000 ppm.) re- 
sulted in reducing the collection effi- 
ciency to half. 

Foster and Daniels‘) used a cata- 
lyst to oxidize NO to NO» before ad- 
sorption, but reported that the collec- 
tion medium, silica gel, itself had 
some ability to catalyse oxidation to 
NOz, particularly in the presence of 
water and NO». 

The problems involving use of solid 
adsorbents do not end with the de- 
velopment of a highly efficient ad- 
sorbing process. Unless the adsorb- 
ent is to be immediately discarded, 
NOz will have to be desorbed (most 
effectually by heating) and collected 
in another manner, as by absorption. 
An absorption process at this point 
will not present the very difficult 
problems discussed in the above para- 
graphs on absorption because the 
NO, concentrations from a desorp- 
tion process would be considerably 
greater (®) , 

Both absorption and adsorption 
present 2 similar problems. For ef- 
fective collection, both methods must 
be carried out at low temperatures 
and final disposal must be considered. 
It appears also that large amounts of 
collection media would be required, 
along with considerable size of equip- 
ment, to gain efficient collection. The 
latter difficulties would be magnified 
in designing collection systems for 
mobile sources. 


Control by Changes in 
Design or Operation of Sources 


Changes in design of combustion 
equipment or its operation, or 
changes in fuel must be considered 
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as possible control methods. This 
possibility is outlined by Connelly 
and Nobe‘*) in a report which deals 
with oxides of nitrogen emission from 
a gas-fired domestic hot water heater. 
The report contains a review of some 
of the thermodynamic problems in- 
volved in reducing oxides emission 
by use of the decomposition reaction, 
2NO = N2 + O, 

Daniels‘) states that from 1300 to 
2000°F. decomposition is catalyzed 
by the walls of the exhaust system, 
but that from 2000 to 2500°F. it is 
a homogeneous gas phase reaction. 
No work has been reported on devel- 
opment of a catalyst for low tempera- 
ure decomposition. Also, no devel- 
opment is known of designs intended 
to maintain flue gases for longer times 
at elevated temperatures to allow de- 
composition to occur. 

Lower flame temperatures may also 
be considered as reducing the amount 
of nitrogen fixation. Unfortunately, 
reducing flame temperature in work 
producing equipment as power plant 
boilers or automotive engines re- 
duces thermodynamic efficiency. 
Nevertheless, such a procedure would 
greatly reduce the amount of NO 
emitted, other conditions being equal. 
Another factor in reducing fixation 
would be lowering the amount of ex- 
cess air used in burning, but this 
amount is almost irreducible in sta- 
tionary sources. In the automobile 
industry the tendency has been to in- 
crease the excess air used, but only 
slightly. 


Control by Vapor Phase Reactions 


Vapor phase reactions of NO and 
NOz have been considered in control 
of oxides of nitrogen. In a review of 
the problem of formation by oxides 
of nitrogen of so-called vapor-phase 
gums in gas lines from manufactured 
fuel gas plants, Shnidman‘2’) de- 
scribes several methods of control. 
One, regarding reaction with FeS, is 
mentioned above !®); the other (°) 
(26) is a unique method and involves 
accelerating the reaction of NO, oxy- 
gen and reactive hydrocarbons pres- 
ent in manufactured gas by passing 
the gas stream through electrodes op- 
erating at a potential difference of 
about 10000 volts. This treatment 
rapidly accelerates formation of va- 
por phase gum and agglomerates the 
mist so it may be collected in a scrub- 
ber normally used to remove traces 
of naphthalene from the same gas 
stream. An electric treater built at 
the Philadelphia Coke Company plant 
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DAY “AC” Dust Filter and DAY 
Dual-Clone in the Stauffer Chemical 
Company fertilizer plant located in 
Tacoma, Washington 


THIS DAY DUST CONTROL 
EQUIPMENT CERTAINLY 
SOLVED OUR DUST PROBLEM! 








DAY Supplies Dust Control Equipment 
for Practically Any Industrial Need 


The DAY “AC” dust filter* (shown above) captures sub- 
micron particles with 99.99+% filtering efficiency. This filter is 
used in many plants throughout the United States and Canada 
and handles a wide variety of materials including aluminum, 
cement, chemical, food, pharmaceutical, porcelain, radioactive, 
rubber and many other dusts. 


The DAY Dual-Clone (above-right) has low horsepower re- 
quirements and operates with unusually low back pressure. It 
requires no maintenance. 

For latest information about DAY “AC” and Dual-Clone 
equipment write toDAY for Bulletins 559 and 49-DC. 

*Licensed by H. J. Hersey, Jr. 





DAY TYPE “HV” CYCLONIC SEPARATOR 
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DAY “HV” has a wide range of applications. It handles abrasive 
or high temperature dust laden air and requires no maintenance 
because it has no moving parts. Available for pressure or vacuum 
operation. For additional information write for Bulletin 576. 


heavy gauge, welded, high efficiency cyclonic separator. The 
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A packaged dust filter shipped completely 


dust control at low cost. High air-to-cloth ratios give extra 
air handling capacity in small area. Furnished with or 
without dust fan and discharge equipment. For latest 
information write toDAY for Bulletin 560. 


DAY TYPE “RJ” DUST FILTER* 
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and 
to run. Provides high performance, top efficiency 


*Hersey and DAY patents applied for. 














DAY TYPE “G” EXHAUST FANS 
High air delivery per horsepower required. These fans are 
designed specifically for dust control applications. Each fan 
is statically and dynamically balanced before shipment. 
For further information write toDAY for Bulletin 471. 
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and assures peak efficiency 











NOW, 2 major design improvement on the widely used and 
highly regarded DUSTEX Collector means bigger returns on 
: your investment. 


ALL NEW TUBE DESIGN ... 


Longer, larger cast tube produces the following results... 











i e Greater capacity with less air flow resistance 





e Higher abrasion resistance 





e Ability to handle inherently sticky materials 






e Self-cleaning action 






e Highest efficiency ever 






ALREADY PROVEN in numerous field tests on the most diffi- 

cult dusts, the new improved DUSTEX Collector is ready to 

és go to work for you now. Write for descriptive literature and 
details today. 
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in 1935 has removed 96-98% of the 
nitric oxide produced since that time. 
The application of this method to 
control emissions from stationary 
sources would appear to be worth- 
while to investigate, but such applica- 
tion to control automotive engine ex- 
haust would appear to be difficult. 


Changes in Fuels 


In combustion calculations involv- 
ing fuel containing nitrogen gas or 
organically bound nitrogen in small 
quantities, these components have 
classically been considered to remain 
as or oxidize to nitrogen gas. There 
has been some speculation that nitro- 
gen oxides in excess of the amounts 
that would be formed from atmos- 
pheric nitrogen fixation alone might 
result from the burning of fuel con- 
taining organic or other nitrogen. 

Calculations show, however, that 
the ratio of concentrations of atmos- 
pheric nitrogen to organic nitrogen 
in a combustion chamber would be 
in the order of 500 to 1 for typical 
fuel oils. Considering also that such 
nitrogen would originally exist in a 
reduced state, it does not seem likely 
that bound nitrogen in fuels would 
materially increase the fixation of ni- 
trogen in combustion chambers. Tests 
have shown that concentrations of ox- 
ides of nitrogen from oil-fired power 
plant boilers are only slightly greater 
than from similar gas-fired boil- 
ers(®). The small difference may be 
due wholly to higher flame tempera- 
tures when burning oil. For these 
reasons, there would seem to be no 
advantage in removing nitrogenous 
compounds from fuels. 


Catalytic Decomposition of 
Nitric Oxide 


Theoretical and experimental data 
referred to in preceding paragraphs 
show rates of decomposition of NO 
in flue gases at high temperatures. 
The use of a heterogeneous or ho- 
mogenous catalyst cannot, of course, 
change the equilibrium concentra- 
tions involved in the decomposition 
reaction. Theoretically, use of cata- 
lysts in contact with gases during 
cooling would allow the reaction to 
reach equilibrium conditions more 
rapidly, but no experimental work 
along this line has been reported. 
Research involving this reaction has 
been mainly devoted to freezing the 
equilibrium by rapid cooling in order 
to prevent decomposition. The for- 
mer area of research would seem to 
be worth pursuing. 
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Conclusions 


There is no ready solution for con- 
trol of oxides of nitrogen as a gen- 
eral atmospheric contaminant. No 
practical methods have been devised, 
and theoretical considerations indi- 
cate that much experimental work 


must be done before any development | 
of successful devices is accomplished. | 


It cannot be said here that it is not 
feasible to control nitrogen oxides; 


feasibility would depend upon how | 
urgently control is needed. But if 


control is found to be necessary, re- 
search will be necessary. 


Considering work so far done on 
the role of NO» or NO in ozone for- 
mation, it cannot be definitely stated 
whether organic materials or oxides 


of nitrogen are the limiting factors 


in ozone formation. 


More evidence of necessity of con- | 


trol of nitrogen must be presented be- 


fore control systems can be legally | 
required. On the other hand, re- | 
search on control methods up to final | 


development stages should not wait 
for absolute justification. 
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in Canada: The Ducon Company of 
Designers and Manufacturers of Dust G 
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The Ducon Centrifuga Wash Collector, Type UW-4, is a 
basic air scrubber with extensive applications for the wet 
principle collection of problem dusts and recovery fines. 
For maximum collectionefficiency of extremely fine dusts 
under the most varied conditions... such as in high dust 
loading and for abrasive dusts . .. this unit has proved 
unexcelled in many typeSof industrial processes. Unitized 
construction, precision'shop-fitted parts and integrated 
fan assembly provide simple, rapid installation into the 
normal processing system. 


Write today for descriptive Bulletin No. W-7456 
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BY FAR, the Industry's Most Advanced Precipitator Contro/... 


THE WESTERN PRECIPITATION 


“Transistomatic contro 
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In the electrostatic precipitation of dust, fume and We ACCURACY! The “Transistomatic’ does not 
> S. : fly ash, no installation is completely modern base its ‘‘sensing’’ action on spark frequency alone—or spark intensity alone. 
4). without seta pa SATS ice Instead, it continuously integrates BOTH frequency and intensity to establish 

Precipitator efficiency as the characteristics o an overall ‘power value” that provides a new standard of control accuracy! 

197 gas stream fluctuate. Compared with manual 
control, automatic control is not only 
Ind more sensitive and more efficient, but actually 
— costs less because of the vita! savings it makes in Wee DEPENDABILITY! The “Transistomatic'’ unit 
labor and operating costs .. . savings so important contains no parts of any kind requiring regular replacement. Moreover, 
Con that no profit-minded operator will want the entire unit is completely sealed—moisture-proof and watertight. 
to be without them. 
fe But the important point to remember is this — wel 
ne poe ets many Capra of precipitation GUARANTEES! The “Transistomatic” is so 
equipment offer units for precipitator avtoma- . F og as 
wal thal, ne shar: wll te a ee etal, foolproof and trouble-free it carries a lifetime guarantee! 
ocia- ' matic” Control for foolproof simplicity, rugged BEFORE YOU BUY ANY automatic precipitater control, be sure 
eee POY. oF etatel nccerecyt to get the complete “‘Transistomatic”’ story. A folder is available 
hae These are not idle claims. They can be res giving facts and figures. Or see your nearest Western Precipi- 
Eng. Pi a by making your own comparison . . tation representative for furthe: details! —~P) 
WESTERN 
“A DESCRIPTIVE BOOKLET : CORPORATION 
that gives f hes facta ond fe Engineers and Constructors of Equipment for Collection of Suspended Material trom Gases . . . and Equipment for the Process Industries 
- will gladly be sent on request. LOS ANGELES 54 - NEW YORK 17 - CHICAGO 2 - PITTSBURGH 22 - ATLANTA 5 - SAN FRANCISCO 4 
: Write wire or phone our nearest ofce! Representatives in all principal cities 
: Precipitation Company,of Canada Ltd., Dominion Square Bidg., Montreal 
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Bothered 


Control 
Regulations? 


This Little STEP 
Could Save You Money 


The step you see is a positive measure- 
ment of the length of time of excessive 


smoke accurate to within 6 seconds. 


This record, combined On The Same 
24-Hour Chart with a continuous 
measurement of Smoke Density, gives 
a complete permanent record of per- 
formance—visual proof, in an unbeat- 
able pair, of your efforts to comply with 


the Air Pollution Control Ordinances. 


Now you can have such a record—and 
at a very moderate cost—with the new 
Bailey Running Time Recorder com- 
bined with the Bailey Smoke Density 


Recorder. 


You owe it to yourself to investigate 
this unique pair, exclusive with Bailey 
and designed to aid you in complying 
with the Smoke Control Requirements 


of your community. P37-1 


Vol. 7, No. 3 








What's In The Air? 


If it’s concentration of smoke, haze or hydrogen sulfide, you can measure it twenty-four 
hours a day, automatically at intervals of Y2 hour, 1 hour or 2 hours as desired. 











A.1.S.1. AUTOMATIC SMOKE SAMPLER 


For sampling city atmosphere for determination of smoke 
and haze concentration, the A.I.S.I. Smoke Sampler is 
recommended. It may be employed for two purposes: 


1. To obtain an historical ‘record of smoke concentrations over an 
extended period of time. 

2. To provide data, as part of micrometeorological studies, from which 
can be established the source and distribution of smoke and similar 
particulate matter. 


The low cost of the A.I.S.I. Automatic Smoke Sampler 
makes it feasible to locate a large number of them for 
complete coverage of a geographical area, and its quiet- 
ness overcomes any objections to its location in or near 
individual residences. 


A.1.S.1. HYDROGEN 
SULFIDE SAMPLER 


Designed to provide a device that 
could continuously monitor at- 
mospheres having a house paint 
blackening potential, the Hydro- 
gen Sulfide Sampler is so sensitive 
that it also indicates much lower 
concentrations—as low as one 
part per billion parts of air. 


How To Evaluate Results 


To evaluate the quantity of particulate 
matter deposited on the filter of both 
samplers, Research Appliance manu- 
factures a spot evaluator with which 
the spots are evaluated by measure- 

ments of light transmission. 
Complete information on construc- 
tion, operation and performance details 
of the two samplers and the spot 
evaluator is available without ob- 
ligation. Please write for it 

today. 


RESEARCH APPLIANCE COMPANY 


Box 307 Allison Park, Pa. 
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high resolution 


recording system 


Sliced up thinner than ever before, 
the wind can record itself with a new 
maximum of resolution in the Beckman 
& Whitley Type F System. This not only 
permits a more intimate documentation 
of the features of the winds, but, even 
where detailed records are not requir- 
ed, offers many advantages for fixed- 


station and system-telemetering uses. 


Operating from standard 115-volt 
60-cps supply, the Type F can be used 
in portable applications where the in- 
creased resolution is needed, by the 
addition of an accessory battery-oper- 


Sample chart illustrated, produced 
by typical recorder shown, reveals fine, 
smooth detail recorded where maximum 
chart width is six miles per hour at a 
chart speed of 6-in. per min. Translator 
unit, designed for either bench-top or 
rack mounting, permits instantaneous 
switching between the four scales cali- 
brated to maxima of 6, 12, 30, and 60 
miles per hour. 


For further information write: 


ated power supply. 


Beckman ¢ Watley w 


SAN CARLOS 4, CALIFORNIA 





Consolidated Edison Company 
STATION: ASTORIA e UNIT NUMBER: 3 


Consolidated Edison Company 
STATION: ARTHUR KILL e UNIT NUMBER: 2 


New England Power Company 
STATION: SALEM HARBOR e UNIT NUMBER: 3 


pt 0 bie 


‘A Prominent Southeastern Utility ; 
2 PRECIPITATORS 


GAR AP 


Tampa Electric Company 
STATION: GANNON e UNIT NUMBER: 2 


5 nape one 


Union Electric Company of Missouri 
STATION: MERAMEC e UNIT NUMBER: 3 





A Prominent New England Utility 


1 PRECIPITATOR 


New York State Electric and Gas Corporation 
STATION: MILLIKEN e UNIT NUMBER: 2 t 


Public Service Electric andGasCompany _—_'|' 
STATION: BERGEN e UNIT NUMBER: 1 AND 2 


The Hartford Electric Light Co. 


STATION: MIDDLETOWN ¢ UNIT NUMBER: 2 


~ 


Virginia Electric and Power Company 
STATION: CHESTERFIELD e UNIT NUMBER: 2 


Delaware Power & Light Company 


STATION: INDIAN RIVER e UNIT NUMBER: 2 


- Commonwealth Edison Company 
_ STATION: FISK ¢ UNIT NUMBER: 19 


The Detroit Edison Company 


STATION: ST. CLAIR e UNIT NUMBER: 6 





Research-Cottrell 


RESEARCH-COTTRELL, INC., Main Office and Plant: Bound Brook, New Jersey * 405 Lexington Ave., New York 17, N. Y. 
Grant Building, Pittsburgh 19, Penna. « 228 No. La Salle St., Chicago 1, Ill. ¢ 111 Sutter Bldg., San Francisco 4, Cal. 
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